Accepted for publication in Astrophysical Journal Supplement 20070912 

Preprint typeset using L^T^X style cmulatcapj v. 10/09/06 



ADAPTIVE OPTICS REST-FRAME V-BAND IMAGING OF LYMAN BREAK GALAXIES AT Z ~ 3: 
HIGH-SURFACE DENSITY DISK-LIKE GALAXIES 7 1 

MASAYUKI AKIYAMA 2 , YOSUKE MINOWA 3 , NAOTO KOBAYASHI 4 , KOUJI OHTA r \ MASATAKA ANDO 5 

AND IKURU IWATA 

Accepted for publication in Astrophysical Journal Supplement 20070912 



o 
o 

(N 



6 



> 

ON 
O 

o 



X 



ABSTRACT 

In order to reveal the rest-frame U-band morphology of galaxies at z ~ 3, we conducted AO-assisted 
i^-band imaging observations of z ~ 3 LBGs whose absolute magnitues range from M v — 0.5 mag to 
My + 3.0 mag with My, the characteristic absolute magnitude of z ~ 3 LBGs, of —24.0 mag. The 
AO observations resolve most of the LBGs at a resolution of FWHM~ 0."2. The median apparent 
half-light radius, thl, is 0."23, i.e., 1.8 kpc at z — 3. LBGs brighter than My have larger thl (0."40) 
than the fainter LBGs (0."23) on average, and there is no bright LBGs with a small thl- The LBGs 
brighter than M v have red rest-frame U — V colors (average of 0.2 mag) and most of the fainter 
LBGs show blue rest- frame U — V colors (average of —0.4 mag). The if-band peaks of some of the 
LBGs brighter than K = 22.0 mag show significant shift from those in the optical images. We fit 
Sersic profile to the images of the LBGs with K < 21.5 mag, taking care of the uncertainty of the 
final PSFs at the position of the targets. The images of all but one of the LBGs with K < 21.5 
mag are fitted well with Sersic profile with n index less than 2, similar to disk galaxies in the local 
universe. For the fainter LBGs, we examine concentration parameter instead of fitting Sersic profile; 
the concentration parameters of the LBGs are consistent with those of disk galaxies. Assuming that 
the LBGs have a disk-shape, we compared their size-luminosity and size-stellar mass relation with 
those of z = and z = 1 disk galaxies. The LBGs are brighter than z — and z = 1 disk galaxies 
at the same effective radius. The rest-frame U-band surface brightness of the LBGs are 2.2-2.9 mag 
and 1.2-1.9 mag brighter than the disk galaxies at z = and z = 1, respectively. The size-stellar 
mass relation of the LBGs shows that the effective radii of the LBGs do not depend on their stellar 
mass. For the LBGs brighter than M v , the average surface stellar mass density is 3-6 times larger 
than those of the z = and z = 1 disk galaxies. On the contrary, the size-stellar mass relation of the 
less-luminous LBGs is similar to those of z — and z = 1 disk galaxies. We also examine the profiles 
of the serendipitously observed DRGs. They are fitted with the Sersic profiles with n < 2, and their 
scatter on the C vs. thl plane is similar to that of the z ~ 3 LBGs. The average surface stellar mass 
density of the DRGs is even larger than that of the z ~ 3 LBGs brighter than My. The implications 
of the dominance of n < 2 population among galaxies at z ~ 3 and the presence of the high surface 
stellar mass density disk systems are discussed. 

Subject headings: cosmology: observations — galaxies:evolution — galaxies:high-redshift 



1. INTRODUCTION 

The statistical evolution of the morphology of galax- 
ies is one of the most fundamental observational clues 
to understand the establishing process of the Hubble 
sequence of galaxies seen in the local universe. Espe- 
cially studies of the morphological evolution of galaxies 
in the rest-frame optical wavelength are important be- 
cause the evolution reflects transformation of stellar mass 
distributions of galaxies in the cosmological timescale. 
High-resolution imaging observations with Hubble Space 
Telescope (HST), covering rest- frame optical wavelength 
up to z ~ 1, have shown that the Hubble sequence is 
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already established at z ~ 1, though the fraction of 
each morphological type is different from that in the lo- 
cal universe (e.g. Conselice, Blackburne, & Papovich 
2005). Detailed morphological parameters have been 
examined up to z ~ 1, for example, the relation be- 
tween size and lu minosity of disk galaxies has been ex- 
tensively studied lEiflv et all |1998t ISimard et all 119991: 
IRavindranath et al J 12004 iBarden et al.ll2005l ). Some of 
the results suggest that there is an evolution in the 
size-luminosity relation of disk galaxies; disk galaxies at 
z ~ 1 are more luminou s than disk galaxies at z ~ 
at th e same scale length (|Liflv et alj|1998t IBarden et al.l 
|2005[ ). although other results indicate that the effect of 
the selection bias against low-surface brightness galax- 
ies cannot be ignored and there is mild or no evolu- 
tion in the size-luminosit y relation ( Sim ard et a.1.1 [T999l 
IRavindranath et al.ll2004l ). Even so, the evolution of the 
size-luminosity relation is thought to be due to fading 
of the stellar populations in the disks in stead of due 
to changes of dynamical properties of the disks, and 
the size-mass relation, which reflects the surface stellar 
mass density of the disks, doe s not show significan t evo- 
lution in the redshift range (|Barden et al J 12005( 1 . For 
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elliptical galaxies, the morphological evolution has been 
examined in point of view of the evolution of the fun- 
damental plane (e.g., Ivan Dokkum et aTlH99l . Shifts 
and rotations of the fundamental plane have been ob- 
served between z — 1 and z — 0, and they have been 
explained by a mass-dependent evolution o f the mass-to- 
luminosity ratios of the ellipti c al galaxies dHolden et al. 
20051: Ivan der Wei et all 120051: Idi Serego Alighieri et al. 
2005UTreu et al.ll2005l : Uorgensen et al.ll2006[ h 

Morphological studies on galaxies at higher redshifts 
started following the discovery of a large number of high 
redshift galaxies using Lyman Break selection and spec- 
troscopic confirmation of their redshifts wi th 8-10m class 
telescopes (see review by lGiavaliscoll2002l ). The spatial 
clustering of the Lyman Break Galaxies (LBGs) is strong, 
and this implies that they are progenitors o f local el- 
liptical galaxies (e.g., lAdelberger et al.ll2005l ). Optical 
imaging observations with HST, covering the rest-frame 
UV wavelength for high-redshift galaxies, have revealed 
that the morphology of the LBGs is completely differ- 
ent from that of L* galaxies at z < 1. For example 
{/-dropout LBGs at z ~ 3 have a compact core or mul- 
tiple knots embedded in an extended halo (ISteidel et aTl 
119961: IGiavalisco et al.lll99llLowenthal et al.lll997fh The 
central surface brightness in the rest-frame UV wave- 
length is constant among LBGs with 23 mag arcsec -2 . 
If we estimate the central surface brightness in the op- 
tical wavelength assuming a flat UV-optical spectral en- 
ergy distribution (SED) , the central surface brightness is 
much brighter than that of l ocal galaxies (jSteidel et al.l 
119961: iGiavalisco et alj I1996D . The radial profiles of 
most of the LBGs can be fitted well with either the 
exponential- or r 1 / 4 -law in the same way as for the galax- 
ies in the local universe. The half-light radii of the 
LBGs becom e smaller at higher redshifts with (1 + z) -1 
up to z = 6 jB ouwcns. Broadhurst. & Illingwort h[ 120031: 
Bouwens et al.ll2004t iFerguson et al. 2004; DahleneLafl 
20071) . 

The peculiar UV morphology of the LBGs could only 
show unobscured star-forming regi ons rather than a 
more evolved underlying population dCollev et alj 119961 : 
lO'Connelll[l99"7t iBunker et all l2000h . In order to ex- 
amine the stellar mass distributions of the LBGs, it is 
important to reveal the distribution of a low-mass stellar 
population which reflects the integrated star formation 
history of the system in the long time duration. The 
long-lived low-mass stars dominate the mass of the stellar 
population, although they only significantly contribute 
to the optical light of the stellar population in the wave- 
length range above 4000A, because of the 4000A break 
in the spectra of the low-mass stars. With the aim to 
trace the distribution of the low-mass stellar population 
of LBGs, iJ-band observations, which cover 4000A of 
LBGs at z ~ 3, for LBGs in the Hubble Deep Field North 
(HDFN) have been conducted with NICMOS camera on 
HST. The morphology of the LBGs is essentially inde- 
pendent of the wavelength up to the rest-frame 4000 A 
([Dickinson 1 119981 : lGiavaliscoll2002] ). Based on the same 
data, Papovich et al. (2005) report little difference be- 
tween the rest-frame UV and optical morphologies for 
galaxies at z ~ 2.3, at slightly lower redshifts than LBGs. 

Nevertheless, the NICMOS observations are not suffi- 
cient to conclude the distribution of the low-mass stel- 
lar population in z ~ 3 LBGs. The NICMOS observa- 



tions cover up to the ii-band, which is just at 4000A 
in the rest-frame of z ~ 3 galaxies, and K-band ob- 
servations covering rest-frame 5500A are more ideal to 
detect the low- mass stellar population. In fact, differ- 
ences between optical and X-band morphologies of lumi- 
nous galaxies at z = 2 — 3 have been reported based on 
ground-based if-band observations for L uminous Disk- 
like Galaxies (LD Gs) (lLabbe et al.ll2003h or z ~ 2 UV- 
selected galaxies (jForster Schreiber et al J 120061 ) . Statis- 
tical if-band studies of galaxies out to z ~ 3 have been 
conduct ed based on deep ground -based seeing-limited 
images (|Truiillo et al.ll2004L l2006ah . but due to the large 
seeing size, measurements of small distant galaxies can 
be systematically affected (jZirm et al.ll2007l) . 

In addition, the NICMOS observations are mostly 
limited to the z ~ 3 LBGs in the small HDFN area 
and only include obje cts as bright as Mb ~ —22 mag 
(|Papovich et al.l 120051) , which is still 0.5 mag fainter 
than the characteristic absolute magnitude of the z ~ 3 

LBGs (M* B 22.5 mag, if we use B — V = 0.5 mag 

and My = —22.98 ± 0.25 mag which c orresponds to 
K = 20.70 ±0.25 mag for objects at z = 3: IShaplev et all 
120011 : hereafter all magnitudes are in Vega-based sys- 
tem). In order to fully understand the LBG popula- 
tion, observations of an LBG sample covering a wide 
luminosity range are necessary, because physical prop- 
erties of z ~ 3 LBGs show dependence on the luminos- 
ity; LBGs with weaker Lya emission are more UV lumi- 
nous, and they show stronger metal interstellar absorp- 
tion lines, redder c ontinuum emission, and larg er amount 
of dust reddening (|Shaplev et all 120011 l2003f) . Further- 
more, more UV luminous LBGs show stronger cluster- 
ing, implying that they reside in more massive dark ha- 
los (IGiavalisco & . Dickinson II200H iFoucaud et al. Il2003t 
lAdelberger et al.ll2005l )~ 

Adaptive Optics (AO) systems on 8-10m class tele- 
scopes made sufficiently high resolution imaging obser- 
vations on the z ~ 3 galaxies in the if-band possible for 
the first time. The diffraction limit for an 8m diameter 
telescope is 0."06 in the K-b&nd, which is smaller than 
that with NICMOS on HST in the #-band (0."25) and 
than the resolution that we require to resolve the z ~ 3 
galaxies, ~ 0."1 — 0."2, corresponding to physical lengths 
of 0.8-1.5kpc at z ~ 3 with H = 70 km s" 1 Mpc -1 , 
Qm = 0.3, and J7a = 0.7 (these cosmological parameters 
will be maintained throughout the paper). Additionally, 
the imagers of the AO systems of the ground-based tele- 
scopes usually cover the PSF with sufficiently high spa- 
tial sampling (0."02 pixel -1 — 0."06 pixel -1 ) in compari- 
son with the NICMOS 3 camera (0."2 pixel" 1 ), which is 
used for most o f the HST NIR observ a tions of the distan t 
galaxies (e.g., iPapovich et"aT1 120011: IZirm et al.l l2007h . 
AO observations with natural guide stars (NGSs) have 
been successfully revealed high-resolution morphology of 
distant field galaxies around bright guide stars, which 
are required to correct a disturbed wavefront (Larkin et 
al. 2000; Glassman et al. 2002; Steinbring et al. 2004; 
Cresci et al. 2006; Stockton et al. 2004; Fu et al. 2005; 
Stockton et al. 2006; Minowa et al. 2005; Melbourne 
et al. 2005; Huertas-Company et al. 2006). Profile fit- 
tings for galaxies with magnitude down to K ~ 20 mag 
are continuously conducted with _ftT-band imaging data of 
integration time up to 3.5h with the S ubaru Cassegrain 
AO system (e.g.. IStockton et all I2001 . In one extreme 
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end, Minowa et al. (2005) conducted a 26. 8h very deep 
imaging observation of a region around a bright star in 
the Subaru Deep Field with the Subaru AO system and 
achieved the limiting magnitudes of K' ~ 24.7 mag for 
stellar objects and K' ~ 23.5 mag for extended objects. 
Even galaxies down to K' ~ 23 mag are clearly resolved 
at the image size of 0."18 FWHM. 

Following the success of the deep imaging observations 
with the Subaru AO system, we started an imaging sur- 
vey targeting the z ~ 3 LBGs found with the [/-band 
dropout technique (Steidel et al. 2003), in order to re- 
veal the rest-frame 5500A (close to V-band) morphology 
of the z ~ 3 galaxies covering wide-luminosity range. We 
are concentrating on the galaxies at z ~ 3 because z ~ 3 
is the highest redshift for which we can conduct high 
resolution imaging in the rest-frame wavelength above 
5000A with current facilities; for a ground-based observa- 
tion, due to the very high background in the longer wave- 
length, imaging observation in the rest-frame > 5000A 
for galaxies at higher redshifts is not feasible, on the other 
hand, for an observation with space facilities, still the 
aperture of the telescope is much smaller than ground- 
based 8-10m class telescopes, thus the achieved resolu- 
tion is limited by the diffraction limit, which is larger 
than 0."3 in the longer wavelength. The sample of the 
AO observations will be described in details in Section 2 
along with the characteristic of the Subaru AO system. 
The AO-assisted if-band observations are described in 
Section 3. Additionally we conduct J-band and I/-band 
imaging observations of a part of the targets. They are 
also shown in Section 3. Reduction processes of the data 
are described in Section 4. The results and discussions 
are shown in Section 5 and 6, respectively. 

2. SAMPLE OF Z ~ 3 LBGS FOR AO OBSERVATIONS 

The targets of the observations are selected from the 
catalog of [/-band dropout LBGs of Steidel et al. (2003), 
which is the largest sample of z ~ 3 galaxies with spec- 
troscopic redshifts. Based on U — G and G — R colors of 
galaxies, 2347 [/-band dropout LBGs have been selected 
down to R < 25.5 mag, 55% of them were observed spec- 
troscopically, and 73% of the spectroscopic targets were 
confirmed to be at z > 2 (Steidel et al. 2003). Most 
of the galaxies are distributed over z — 2.5 — 3.5. Be- 
cause the [/-band dropout galaxies are selected not only 
by a red U — G color but also by a blue G — R color, 
they are thought to be biased toward blue star-bursting 
galaxies in the redshift range (e.g., Forster Schreiber et 
al. 2004). However, as will be shown in Section 5.2, at 
least a part of the red galaxy population in the redshift 
range is selected in the [/-band dropout LBGs. 

For the AO-assisted observation with NGSs, the avail- 
ability of a guide star brighter than a certain magnitude 
within a certain distance limits the " AO-observable" tar- 
gets seriously, especially for observations of distant galax- 
ies in high galactic latitude regions. We conduct the 
AO-assisted if -band imaging observations of the z ~ 3 
LBGs using the Subaru Cassegrain AO system with a 
36-elements curvature wavefront sensor and a bimorph- 
type deformable mirror with the same number of ele- 
ments (A036; Takami et al. 2004). The curvature 
wavefront sensor uses photon-counting avalanche pho- 
todiodes, in stead of CCDs, which are usually used in 
Shack-Hartmann wavefront sensor AO systems, thus the 



wavefront measurement can be done without affected by 
a read-out noise, which is the dominant noise source for 
wavefront measurements with CCDs. Thanks to the low- 
order AO system with a very sensitive wavefront sensor, 
the A036 works with faint NGSs. This greatly eases the 
difficulty in finding AO guide stars. Significant image 
improvement can be achieved even with a guide star as 
faint as R = 18 mag, although the correction degrades 
with the magnitudes of the guide stars (Oya et al. 2004). 
In order to achieve a ~ 0."2 resolution at the target posi- 
tion, we limit the targets with a guide star brighter than 
R = 15.0 mag. 

The AO correction of blurred PSFs only work within 
a limited angle from a guide star. The angle is described 
with the isoplanatic angle, which is determined with the 
size and the height of the dominant turbulence in the at- 
mosphere. With the A036, the PSF degrades gradually 
with increasing the distance from the guide star, d, to 
d ~ 40", and worsens rapidly beyond d > 40" (Takami 
et al. 2004). The isoplanatic angle was estimated to 
be > 30" based on the PSF variation with the distance 
(Takami et al. 2004). Although the isoplanatic angle 
can vary, depending on atmospheric conditions, measure- 
ments in a number of nights show FWHM of 0."2 can be 
constantly achieved up to d — 35" from a guide star (Mi- 
nowa et al. 2005; see Figure [3] in this paper). Thus we 
limit the targets within this distance from a guide star. 
We also exclude LBGs at d < 10" from a guide star, be- 
cause photometric measurements in the original optical 
images are significantly affected by a bright guide star. 
In summary, the targets of the observations are selected 
with the criteria; 10" < d < 35" from a star brighter 
than R = 15.0 mag, 

In the survey areas where Steidel et al. (2003) con- 
ducted the LBG survey (900 arcmin 2 ) there are 84 stars 
brighter than R = 15.0 mag in the U.S. Naval Obser- 
vatory (USNO) catalog made from all sky plate surveys. 
The summed area of 10" < d < 35" of the 84 bright stars 
is 76.6 arcmin 2 removing overlapping regions and areas 
at the edge of the LBG survey. In the "AO-observable" 
area, there are 141 LBGs excluding spectroscopically 
identified galactic stars. The i?-band magnitude distri- 
bution of the LBGs in the area is shown in Figure 1 with 
a thin solid histogram. The i?-band magnitude distribu- 
tion of the whole LBG sample from Steidel et al. (2003) 
is shown with a dotted histogram. There is no apparent 
difference between the "whole" and the "AO-observable" 
LBG samples, thus the "AO-observable" sample can be 
regarded as a representative sub-sample of the whole 
z ~ 3 LBGs. 

In the observations, we assign a priority to a field of 
view (FoV) by considering the number of LBGs with a 
spectroscopic redshift in the FoV, and the brightness of 
the available AO guide star. We choose 12 fields, which 
include 36 LBGs. The list of the fields along with the 
i?-band magnitudes of the AO guide stars is shown in 
Table [TJ The i?-band magnitude distribution of the 36 
LBGs is shown in Figure 1 with a thick solid line. Be- 
cause we select the fields for observations, considering 
the availability of the spectroscopic redshift, the "ob- 
served" LBGs are brighter than the "whole" or "AO- 
observable" LBG sample on average. Redshifts of the 
36 LBGs are listed in Table [2j 20 LBGs with a spectro- 
scopic redshift. The spectroscopic redshifts of the LBGs 
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are distributed between z = 2A and 3.4, which is con- 
sistent with that of the whole sample of ISteidel et al.l 
( 2003). Because 55% of the sample have a spectroscopic 
redshift, the observed sample is less affected by the uncer- 
tainty of redshift which can significantly affect the discus- 
sion on galaxies selec ted with photometric redshifts (e.g., 
iTruiillo et al.l l2006al ). In addition, the contamination 
rate of foreground galaxies to the [/-drop LBGs without 
spectroscopic redshift is thought to be low. The fraction 
of spectroscopically confirmed z < 2 objects among the 
spectroscopically observed [/-dropout LBGs is 5% (Stei- 
del et al. 2003). 

3. OBSERVATION 

We use InfraRed Camera and Spectrograph (IRCS; 
Kobayashi et al. 2000) for the AO-assisted if-band 
imaging observations. The camera side of IRCS uses 
one 1024x1024 InSb Alladin III detector and has two 
imaging modes with different pixel scales; 0."058 pixel -1 
(58mas) mode and 0."023 pixel -1 (23mas) mode. FoVs 
of 59" x 59" and 23" x 23" are covered by 58mas and 
23mas modes, respectively. As described in the previous 
section, the expected image size (FWHM) is 0."20 with 
faint guide stars, the 58mas mode is sufficient to sample 
the PSF profile. It is important to estimate the shape of 
the PSF at the position of the target securely, thus in or- 
der not only to cover as many LBGs as possible, but also 
to include as many PSF stars as possible, all but one of 
the fields are observed with the 58mas mode. DSF2237a- 
FOV5 field is observed with the 23mas mode. In order 
to remove the bad pixels, we use 9-point dithering in a 
3x3 grid with a width and height of 14". We change the 
exposure time at one position between 60s and 180s de- 
pending on the background count rate of the observing 
night. Because the linearity of the detector is 1% at 6000 
ADU, we limit the background count below 4000 ADU. 
No on-memory co-addition is done. In order to reduce 
the readout noise, 16 times non-destructive read out (16- 
NDR) is applied for each readout. The readout noise is 
estimated to be 10 e - rms with 16-NDR, which is well 
below the Poisson noise of the thermal background emis- 
sion; 150e - rms with the 4000 ADU background and the 
gain of 5.6e - ADU -1 . 

For broad-band imaging observations around 2.2/im, 
there are two filters available in IRCS, if'-band with 
> 50% transmission between 1.94/im and 2.29/im and 
if-band with > 50% transmission between 2.03/im and 
2.37/im. Because the background level is lower in the 
if'-band, we primarily use K'-band. For targets at 
z = 2.9 — 3.1, because the contamination of rest-frame 
[OIIIJAA4959/5007 emission lines can be rejected by us- 
ing the K-band, we use the K-band, even though the 
observed equivalent widths of the [OIII] emission lines in 
z ~ 3 LBGs are at most 1/6 of the band width of the fil- 
ters (jPettini et al.ll200lh and the contamination should 
be negligible. Hereafter we refer both of the K'- and 
-ftf-bands as K-b&nd unless the discrimination is crucial. 

A pilot observation in two FoVs (DSF2237b-FOVl and 
Q0302— 003-FOV1) is conducted as a normal open-use 
program (S03B-070) on Oct. 14, 2003. After the success- 
ful observation, we continue observations as an intensive 
program of the Subaru telescope (S04A-042) from Apr. 
4, 2004 to Oct. 25, 2004. The optical seeing size mea- 
sured with auto-guider camera, optical extinction mea- 



surement obtained though Canada France Hawaii Tele- 
scope (CFHT), and NIR photometric condition evalu- 
ated with the stability of the counts of bright objects in 
the FoV for each observing night are summarized in Ta- 
ble [3] Most of the observing nights are photometric and 
the median seeing size is 0."6. 

Most of the targets are observed at airmass smaller 
than 1.4 because PSF can significantly degrade at lower 
elevations due to a smaller apparent isoplanatic patch. 
After acquiring the target, we adjust the gain of the 
wavefront error feedback to the deformable mirror and 
the amplitude of the focus modulation for the wavefront 
curvature measurement of the A036 system taking the 
image of the guide star with IRCS in the 23mas mode. 
A typical FWHM of 0."15 is achieved for the guide star. 
Once the AO parameters are fixed, we move to the 58mas 
mode and offset the FoV of the telescope in order to cover 
the LBGs. For all of the FoVs, the AO guide stars are 
covered in the same FoV, but they are saturated in the 
long exposure with the 58mas mode, and they can be 
used neither for image alignments nor a PSF evaluation. 
The observed date, integration time, and filter used for 
each field are summarized in Table [4] For most of the 
fields the integration times are more than 5 hours in the 
K-band. 

In some observing nights, the weather was clear but the 
AO correction could not achieve FWHM< 0."2 during 
the AO parameter adjustment process even for the AO 
guide star itself due to a bad turbulence condition. In 
this case, we conducted J-band imaging observations of 
the fields in order to obtain the J—K color of the targets. 
Finally 10 out of 12 FoVs are observed in the J-band 
with total exposure times of 0.8h - 2.7h for each FoV. 
The typical image size was 0."4 in the J-band. 

In order to evaluate the optical morphologies of the 
z ~ 3 LBGs with a better resolution than the orig- 
inal imaging data used in Steidel et al. (2003) (typi- 
cally FWHM of 0."9), we obtained U-band imaging data 
for Q0302-003, Q2233+1341, DSF2237a, and DSF2237b 
fields with Faint Object Camera and Spectrograph (FO- 
CAS) attached to the Subaru telescope from Sep. to Nov. 
2004 during the open-use observations of S04B-149. FO- 
CAS covers 6' FoV with a 0."103 pixel -1 sampling. Each 
image is taken with a 300s or 600s integration, and a 
total integration time for each field is 0.5h to 1.2h. The 
sizes of stellar objects are 0."57 to 0."77 in the final re- 
duced images. The optical observations are summarized 
in Tabled 

4. DATA REDUCTION 

4.1. K-band AO Imaging Data 

We reduce the AO-assisted iC-band imaging data 
basically following the same reduction processes for 
deep -ftT-band imaging data of blank fields without AO; 
flat-fielding, sky-subtraction, image- alignment, and 
image-combination. The details are as follows; at first, 
we make the sky flat-field images by combining normal- 
ized target images with median without adjusting the 
dithering offsets. We normalize the raw target images 
by dividing with the mean sky background value. Then, 
we divide the raw target images by the sky flat-field 
image. We ignore the dark counts because the count 
rate of the dark current is 1.8ADU per 100s, which is 
much smaller than the sky level (~ 4000 ADU) and 
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difficult to be estimated precisely. Sky background 
counts are subtracted from the flat-fielded images. The 
sky-subtracted images are combined to make the first 
pass image of the field with the "drizzle" method using 
drizzle package in IRAF. The first pass combined 
image is still affected by residuals of faint objects in the 
sky flat-field image which cannot be removed with the 
median filter during the combination of the flat-field 
frames. Masking out objects detected in the final image 
from the first pass, we make the revised sky flat-field 
image again. The original target data are divided again 
by the second pass sky flat-field image. Then, sky 
background counts are subtracted from the flat-fielded 
images. The sky-subtracted images are combined with 
the "drizzle" method to make the final image. Finally 
we apply upgraded version 7 of an object detection 
software, SExtractor 2.3.2 (Bertin & Arnouts 1996) to 
the images. Photometric zero-point of each image is 
determined with observations of the UKIRT faint stan- 
dard stars. We use FS030(J=12.021, K=11.936), 
FS110(J=11.710, K=11.319), FS023(J=13.013, 
K=12.397), FS134(J=11.896, K=10.715), 

FS130(J=12.970, K=12.260), FS105(J=11.515, 
K=10.958), and FS152(J=11.632, K=11.050) 8 . 

4.2. PSF Evaluation 

Although most of the z ~ 3 LBGs are resolved in the 
AO images, the sizes of the targets are only a few times 
larger than the PSF size, thus accurate estimation of the 
PSF shape is necessary in order to reliably determine 
the morphological parameters of the targets. The shape 
of the PSFs vary inside FoV, thus we need to evaluate 
that at the position of the target itself. In nine out of 
the eleven FoVs taken with the 58mas mode, there are 
sufficiently bright stellar objects to estimate the shape 
of the PSF within the FoV. We use these stellar objects 
as the PSF reference stars. Their distances to the AO 
guide star are not exactly the same as those of targets, 
we estimate the PSF shape parameters by interpolating 
or extrapolating them as a function of the distance. 

The AO-guide stars used in this observation are not 
sufficiently bright and the positions of the targets are 
sometimes close to the edge of the isoplanatic patch of 
the AO correction, thus the effect of the atmospheric 
turbulence is only partially-corrected and the PSFs of 
the images are consists of two components; a diffraction- 
limited core and a seeing-limited halo. Therefore the PSF 
has a wing and is represented by a Moffat profile in stead 
of a simple Gaussian profile (|Minowa etaD l2005h. The 
surfa ce brightness, I(r), of the Moffat profile (j Moffat I 
1969) at an elliptical radial distance, r ("), is described 

by 

I{r) = J tota] x 4(2^ - 1)^ZI[1 + 4(2^ _ 1)(^) 2 ]^ 

with the (3 parameter representing the core to halo flux 
ratio of the PSF, F (") rep resenting FWHM, an d /total 
representing the total flux (jTruiillo et all l2001bf ). The 

7 available from http://www.cfht. hawaii.edu/" morri- 
son /home / SExtractor .html 

8 The magnitudes are from the United King- 
dom Infrared Telescope faint standard star web page , 
http://www.jach.hawaii.edu/UKIRT/astronomy/calib/phot_cal/ 



elliptical radial distance is defined by 



r = ^jx 2 + ( — ) 2 

with the distance to the center along semi-major (semi- 
minor) axis, x (y), and the ratio of the semi-minor 
over semi-major axis radius, q. The Moff at profile con- 
tains G aussian profile as the (3 = oo case (|Truiillo et al.l 
I2001bf) . The Moffat profile fit to the PSF reference stars 
in the final imag es is done with a 2 D-profilc fitting soft- 
ware, GALFIT (|Peng et al.l I2002D . Three parameters 
of the Moffat profile, total magnitude, f3, and FWHM, 
two parameters on ellipsoid, ellipticity and position-angle 
(PA), and the central position, are determined by the 
X 2 minimization fitting algorithm. As an example, we 
show the profile of a PSF reference star in the field of 
Q1422+2309-FOV12 with open squares along with that 
of the best fit Moffat profile model with solid line in Fig- 
ure[2] The core and the wing of the PSF is well described 
with the Moffat profile model down to the isophote con- 
tour level with 1CP 3 of the PSF peak. It should be noted 
that the plots of the LBG profiles shown in later fig- 
ures only cover up to semi-major axis (SMA) of about 
1" and the discrepancy between the observed PSF and 
the Moffat profiles seen in Figure[2]at SMA> l."5 can be 
neglected. 

Dependences of the parameters of Moffat profile 
(FWHM and j3) and ellipticity to the distance from the 
guide star are shown in Figure[3l Although the AO guide 
star magnitudes and the seeing conditions vary from field 
to field, there is a clear trend that FWHMs in the fi- 
nal images become larger with increasing distance from 
the guide stars. The trend is consistent with those mea- 
sured with observations of a globular cluster, M13, with 
an AO-guide star of R = 12 mag shown with two solid 
lines (Minowa et al. 2005). We fit a linear relation to 
the observed FWHM as a function of distance, fixing the 
tilt to the mean tilt of the solid lines. The resultant 
" mean" relation is shown with a dotted line in Figure [31 
Although the achieved image size varies with observing 
conditions, most of the measured FWHMs scatter within 
0."02 around the "mean" relation. There is no clear trend 
for the Moffat j3 parameter against the distance. The /3 
parameter is smaller than typical ground-based seeing- 
limited observation, for example (3 — 3 for a deep K-b&Tid 
imaging data in Trujillo et al. (2006a). The larger (3 of 
the seeing-limited PSF than that of the AO PSF indi- 
cate that the former PSF is close to the Gaussian profile 
with seeing limited FWHM. The ellipticity depends on 
the distance; the ellipticity becomes larger at larger dis- 
tance. The PA of the ellipticity is aligned with the PA 
to the AO guide star as shown in Figure HI Between the 
FWHM size and the (3, there is a weak trend that the 
FWHM size becomes larger with increasing j3, i.e., closer 
to the Gaussian profile. There is no clear dependency 
between (3 and ellipticity. 

Based on these results, we estimate the PSF shape at 
the position of each target. The FWHM of the PSF is 
determined with the FWHM size of the PSF reference 
star in the image, and the difference of the distance from 
the AO guide star is corrected with the tilt of the relation 
between the FWHM and the distance shown with the 
dotted line in Figure [3J For the FoVs without a PSF 
reference star, we used the "mean" relation in the top- 
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panel of Figure [3] The estimated FWHM for each object 
is shown in Table [6] 

4.3. J -band Imaging Data and V-band Imaging Data 

The J-band imaging data are reduced in the same man- 
ner as the reduction of the fT-band data. The reduced 
images are aligned to the if -band images using several 
bright and compact objects in the common area. The co- 
ordinate conversions are derived with geomap in IRAF, 
and the J-band images are transformed with gregister 
to match the fT-band coordinates. 

In order to measure J — K colors of the LBGs in a fixed 
aperture, we match the shapes of the PSFs between the 
J- and fT-band images. Because the fT-band images have 
much better resolution than the J-band images, the K- 
band images are convolved with the PSF difference kernel 
derived with psfmatch process in IRAF. The reliability 
of the PSF matching process is confirmed that the J — K 
colors of stellar objects derived in apertures from l."0 to 
2."0 at a 0."1 increment agree with each other within 0.1 
mag. After the PSF matching, flux measurements for 
objects in the J- and the PSF-matched fT-band images 
are made with the double-image mode of SExtractor by 
using the original fT-band image as the object detection 
image. We use colors in a l."0 diameter aperture in the 
discussions below. The 2a upper limits of l."0 aperture 
magnitudes are determined by using the scatter of the 
background count in the aperture size measured at var- 
ious positions in the images. They distribute between 
23.90 mag and 25.72 mag for images with 0.8 — 2.7 hour 
integration time. For the LBGs fainter than the limit, 
we use the limit as the lower limit of their aperture mag- 
nitude and calculate lower limits of their J — K colors. 

F-band imaging data are reduced as follows. At first, 
bias counts are subtracted by using the overscan region 
of the frame. The flat-field images are made by com- 
bining dome-flat frames. The bias subtracted images are 
divided by the flat-field image. The reduced images are 
aligned to the fT-band images in the same way as the reg- 
istration of the J-band images with geomap and greg- 
ister in IRAF. Because we only examine the difference 
of peak positions of the z ~ 3 LBGs in the optical and 
NIR bands, no PSF matching is applied to the U-band 
images. 

5. RESULTS 

5.1. K-band Magnitudes and Apparent Half-light Radii 
of the LBGs 

Postage stamp fT-band images of the z ~ 3 LBGs 
are shown in Figures [5] and [5] in the order of the 
-fT-band magnitude. The images are centered at the 
cataloged positions of the z ~ 3 LBGs. The size 
of the images (3."5 x 3."5) roughly corresponds to the 
size of the aperture use d in th e optical color measure- 
ments by ISteidel et all (|2003f) (~ 3" diameter). In 
the final images, 31 LBGs are detected out of the ob- 
served 36 LBGs. The majority of the LBGs are iso- 
lated, but seven of the LBGs show multiple knots; 
Q0302-003-D73, Q0302-003-M80, Q2233+1341-MD46, 
Q0302-003-MD216, DSF2237b-MD90, and DSF2237b- 
MD13 show two knots, and Q0302-003-MD373 has 3 
knots. Considering all of the knots are within the aper- 
ture of the optical color measurements, we assume all of 



the knots belong to the LBGs. The total magnitudes 
(K) and the apparent half-light radii (t-rl) of the LBGs 
are measured with SExtractor. We use AUTO magni- 
tudes from SExtractor as the total magnitudes, thl is 
defined with the radius enclosing the half of the total 
flux of the object. It should be noted that the thl is not 
corrected for the PSF convolution, thus can be affected 
by PSF variation, but the variation (peak-to-peak differ- 
ence of 0.05 dex for stellar objects with K < 21 mag) 
does not significantly affect the discussion here. For the 
objects with the multiple components, we assign a label 
of "A" , "B" , or "C" for each component and measure K 
and thl individually. Resultant K and thl are summa- 
rized in Table [5] and are plotted with large open circles 
in Figure [7] along with those of field (stellar) objects in 
the FoVs with small dots (star marks). The stellar ob- 
jects are selected with CLASS_STAR from SExtractor 
larger than 0.9. The brightest LBGs are K = 20.2 - 20.4 
mag, which are brighter than the characteristic luminos- 
ity of z ~ 3 LBGs. The faintest LBG have K = 23.7 
mag. The long dashed line indicates M v of the z ~ 3 
LBGs (Shapley et al. 2001). The observed sample cov- 
ers a wide range of absolute U-band magnitudes from 
M v - 0.5 mag to My + 3.0 mag. The r HL of most of 
the LBGs are larger than stellar objects shown with star 
marks, i.e., the LBGs are resolved in the AO-assisted K- 
band images. The median thl of the detected z ~ 3 
LBGs is 0."23, which corresponds to 1.8kpc at z = 3. 
The average r HL of the LBGs brighter than M v is 0."40 
(3.1kpc at z = 3), which is significantly larger than the 
average of the fainter LBGs detected in the fT-band ob- 
servations (0."23, 1.8kpc at z = 3), and there is no bright 
LBGs with a small thl- 

Five LBGs without fT-band detection can either be 
faint or extended. The detection limit of a 5 h integra- 
tion under 0."2 FWHM condition is shown with a dotted 
line in Figure [7] (in details, see Section 5.4). Because the 
detection limit is determined by the surface brightness, 
not only faint objects but also very extended objects can- 
not be detected. However, all but one of the five LBGs 
are fainter than 25.0 mag in the f?-band, and belong to 
the faintest end of the sample of the observed LBGs, thus 
most likely they are not detected because they are faint. 

5.2. J — K Colors and Optical-NIR Difference of the 

LBGs 

The observed l."0 aperture J — K colors of the LBGs 
show clear dependence on the fT-band magnitude. The 
J — K colors are summarized in Table [5] and J — K col- 
ors against fT-band magnitudes are plotted in Figure [8] 
with open circles. The LBGs brighter than M v show 
redder color than the fainter LBGs among the detected 
LBGs. The average J — K color of the LBGs brighter 
(fainter) than My is 2.2 (1.4) mag (if we exclude LBGs 
that are not detected in the J-band). There is no LBGs 
bluer than J — K = 1.8 mag and brighter than My. 
The distribution is consistent with the results obtained 
with J- and fT-band observations of a larger sample of 
z ~ 3 LBGs (Shapley et al. 2001) shown with small 
open squares. Because the J- and fT-bands corresponds 
to rest-frame U- and V-bands for z ~ 3 galaxies, the ob- 
served J — K color corresponds to the rest-frame U — V 
color for the z ~ 3 LBGs, and the color reflects the size 
of the 4000 A break and/or the amount of dust extinction 
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of the galaxies. We derive the relationship between the 
observed J — K colors and the rest-frame U — V colors us- 
ing a library of model SEDs made by PEGASE spectral 
synthesis code (Fioc & Rocca-Volmerange 1997). We use 
star formation histories with constant starformation and 
exponentially decreasing starformation models with ages 
from lOMyr to 2Gyr. MetaUicity range from 0.1 Z Q to 1 
Zq is considered. All SED models at z = 2.4 — 3.4 except 
for exponentially decreasing models with decaying time 
scale shorter than lOOMyr follow 

(U - ^) V cga,rcst = 0.74(J - K ) Vcg a,obs - 1-39 

within A(C7 — V) = ±0.20 mag in the observed J — K 
color range. The relation calculated with the response 
curve of the if '-band filter is consistent that calculated 
with the response curve of the if-band filter within the 
scatter. The effect of the internal extinction changes the 
rest-frame U — V color and the observed J — K color 
in parallel to the relation. Though the exponentially 
decreasing models with short time scale do not follow 
the relation, considering that the constant starformation 
models d escribe the SEDs of z ~ 3 LBGs sufficiently 
well Ce.g.. lShaplev et al.ll200l . we use the relation. The 
average J — K color of the LBGs brighter (fainter) than 
My can be converted to 0.2 (—0.4) mag in the rest-frame 
U — V color. The colors of the bright and faint LBGs 
are close to those of red massive and blue less-massive 
galaxies at 1.9 < z < 2.7, respectively, selected with 
the photometric redshifts (0.6 and —0.3 mag typically; 
Kajisawa & Yamada 2006). Kajisawa & Yamada (2006) 
show the transition of the red massive and blue less mas- 
sive galaxies happens at a stellar mass of ~ 2 x lO lo Ajf0 
in the redshift range, which corresponds to K = 21.3 
mag if we use the mean relationship between the ob- 
served y-band ab solute magnitude an d the stellar mass 
for z ~ 3 LBGs (jShaplev et al.ll2001l their Figure 13). 
The observed transition magnitude agrees roughly with 
that expected from Kajisawa & Yamada (2006). The 
agreements of the colors and the transition magnitude 
imply that the z ~ 3 LBG sample can cover not only 
blue less-massive galaxies but also red massive galaxies 
in the redshift range selected with photometric redshift 
method, although the reddest galaxies (U— V > 0.5 mag) 
can be missed. 

The if-band images of the LBGs are compared with 
the optical V-, G-, or i?-band images in Figures [5] and 
[TOl We do not match the PSF size of the if-band im- 
ages to that of the optical images, thus, only the po- 
sitions of the peaks should be compared. Some of the 
bright and red LBGs show significant shifts between 
the peak positions in the if-band and optical images. 
The shifts are shown as a function of if-band magni- 
tude in Figure 1111 In order to examine the uncertain- 
ties of the shift measurements, we also plot the dif- 
ferences of if-band and optical positions of optically- 
bright field objects with crosses. We exclude extended 
large galaxies from the field objects. Considering all 
but one of the compact field objects show differences 
smaller than 0."20, we regard the shift larger than 0."25 
and 0."20 as significant and marginal shifts, respectively. 
Among the z ~ 3 LBGs with K < 22 mag, DSF2237b- 
MD81, Q1422+2309-C36, and DSF2237b-D5 show sig- 
nificant shifts of 0."44 (3.4kpc), 0."29 (2.2kpc), and 0."26 
(2.0kpc), respectively and DSF2237b-C10(0."22; l.Tkpc), 



DSF2237b-D27(0."21; 1.6kpc), Q0302-003-D73A(0."20; 
1.5kpc), and DSF2237b-MD19(0."20; 1.5kpc) also show 
marginal shifts. For the LBGs with K > 22 mag, no sig- 
nificant shift is observed. The shifts and the red colors of 
the bright LBGs can be explained with an existence of an 
old and/or reddened stellar population which dominates 
the galaxy light in the if-band but not significant in the 
optical band, and the UV-bright star-forming regions lie 
within the region of optical light but they are centered 
at different positions. It is worth noting that DSF2237b- 
MD81 with the largest shift has a strange SED and can- 
not be fitted well with one component SED model due to 
an excess in the NIR bands (Shapley et al. 2001). The 
NIR excess may be explained with dust reddened com- 
ponent with young stellar age. On the contrary, for blue 
less-massive galaxies, the morphologies of the UV-bright 
star-forming regions follow the galaxy main body. 

5.3. Sersic Profile Fitting for the LBGs with K < 21.5 

mag 

As can be seen in Figures [5] and O the if-band mor- 
phologies of the z ~ 3 LBGs are smooth and not irregu- 
lar. In order to examine whether their light profiles are 
similar to those of local galaxies or not, we apply one 
component Serisc profile fitting to the AO-assisted K- 
band images of the z ~ 3 LBGs with K < 21.5 mag. 
Considering that the spatial resolution and the signal- 
to-noise (SN) ratio of the images are not sufficient to 
deconvolve multiple components, for example disk and 
bulge, of the targets, we only consider one component 
in the fitting. One component Sersic profile fitting de- 
scribes the light profiles of the z ~ 3 LBGs well at the 
current resolution and the SN ratio, as shown below. 

The Sersic profile is given by 

7(r)=/ e exp(-«„((r/r e ) 1 /"-l)) 

with the surface brightness I(r) at an elliptical radial 
distance r ("), and the surface brightness I e at r e ("), 
the effective radius or the half-light radius. The index 
n determines the shape of the profiles; a profile with 
a larger n shows a more concentrated core and a more 
extended wing, while a profile with a smaller n shows 
a flatter core with a sharper cutoff. The exponential- 
profile of the disk component and the r 1 / 4 -profile of the 
spheroidal component of local galaxies are equivalent to 
Sersic profiles with n = 1 and n = 4, respectively. n n is 
a function of n determined so as to half of the total light 
is enclosed within r e . Hereafter we refer effective radius 
in arcsec and in kpc units with r e and R e , respectively. 

One-component Sersic-profile fitting is extensively 
used to fit the profiles of nearby galaxies fe.g. JShen et alj 
2003) and of galaxies from inte rmediate to high red- 
shifts (e.g., iTruiillo et al.l l2006ah . and successfully dis- 
criminates between galaxies dominated by disk-like pro- 
files (small n) and bulge-like profiles (large n). It needs 
to be noted that kinematic examination has not estab- 
lished the correspondence between the profile (exponen- 
tial or r 1 / 4 ) and the kinematics (rotation-supported or 
velocity-dispersion-supported) for high-redshift galaxies. 

For the 2D-profile fitting process, we use GALFIT soft- 
ware. Three parameters of the Sersic profile, total mag- 
nitude, n, and r e , two parameters on ellipsoid, cllipticity 
and position-angle (PA), and the central position, are 
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determined by the \ 2 minimization. The Sersic pro- 
file fitting is only applied to the LBGs with K < 21.5 
mag, because for the fainter LBGs, the fitting results 
are not conclusive. Among the LBGs with K < 21.5 
mag, Q0302— 003-D73 has two knots. Both of them are 
brighter than K = 21.5 mag, and we fit each knot sep- 
arately. We correct the best fit logi? e by +0.13 (+0.25) 
dex considering the systematic shift expected from the 
simulations of the fitting for galaxies with best-fit n < 2 
(n > 2). The details are described in the next section. 

The rms noise of each pixel is determined with the rms 
value of the sky region around each object because the 
data are background limited. However, in order to put 
higher weight to the brighter region of objects, we put 
two times higher weight for the peak. 

Since the shape of the PSF at the position of the target 
has the uncertainty as described in Section 4.2, we make 
various model PSFs using GALFIT with Moffat param- 
eters within the uncertainty of the true PSF, and use 
the model PSFs in the fitting process. We use the PSF 
shape parameters as follows: we cover FWHM of ±0."02 
of the estimated FWHM (see Table [6]) for each object, 
Moffat (3 index between 1.3-1.7, and ellipticities of 0.00, 
0.10, and 0.15 for all objects. Most of the Moffat /3s and 
ellipticities of the PSF reference stars are enclosed in the 
parameter range as shown in Figure [3l Considering the 
result shown in Figure [4j we fix the PA of the cllipticity 
to the PA to the AO guide star. The scatters of the best 
fit parameters due to the variation of the model PSF are 
added to the final uncertainties of the best fit parameters. 

The effects of changing the model PSF for the fitting 
process for two objects, the brightest object DSF2237b- 
MD81 (K = 20.21 mag) and one the faintest objects 
Q0302-003-D73A (K = 21.38 mag), are presented in 
Figures [T2] and [T31 respectively. The horizontal axes are 
the used shape parameters of the model PSF and the 
vertical axes are the obtained best fit Sersic parameters 
with the model PSF. The left-hand (right-hand) panels 
show the effect of changing PSF FWHM ((3) parameter. 
It should be noted that in these figures, the FWHMs out- 
side of the estimated FWHM uncertainty are also plot- 
ted. The vertical dashed and dotted lines indicates the 
best-estimate FWHM and the uncertainties for each tar- 
get. The uncertainty of the PSF does not seriously affect 
the best fit parameters of DSF2237b-MD81. On the con- 
trary, for Q0302-003-D73A, the best-fit Sersic n index 
varies with the FWHM of the model PSF used. However, 
the index is still well constrained (±1.0), if we consider 
the range of the FWHM uncertainties. The best-fit R e 
does not vary with the PSF shape change. 

The resulting fitting parameters for LBGs with K < 
21.5 mag are shown in Figure RBI Each point with error 
bar represents a set of best-fit parameters with a model 
PSF. The error bar indicates the uncertainty of each of 
the fitting. The variations of the best-fit parameter set 
with changing PSF are represented with the scatter of the 
points. In Figure [15| we show the observed profiles of the 
LBGs along with the best-fit Sersic models obtained with 
the model PSF with the best estimate parameters. The 
red-solid, blue-dashed, and green-dotted lines show the 
best fit Sersic (with free n), r 1 / 4 -law (Sersic with n = 4) 
and exponential (Sersic profile with n = 1) profiles, re- 
spectively. The profiles are derived with the elliptical 



isophote fitting package ellipse in IRAF. We determine 
the shape of the ellipse at each contour with the best- 
fit model of the Sersic profile, and this shape of the el- 
lipse is used to derive the profiles of the observed image, 
the models with r^-law profile and with exponential- 
law profile. The profiles are shown along the semi-major 
axis (SMA). The error bar of the observed data is de- 
termined by the rms scatter of intensity data along the 
fitted ellipse. Outside of the galaxies, the fluctuation of 
the derived isophotal intensity, which reflects the uncer- 
tainty of the background determination, consistent with 
the derived rms scatter. 

The resultant effective radius and the n index are sum- 
marized in Table [6] and shown in Figure [16] with filled 
squares. The error bars include not only the uncertainty 
of each fitting but also uncertainty due to the PSF model. 
All but one of the LBGs are fitted with low n value. 
They locate similar part of the R e vs. n plane to the 
disk galaxies. 

5.4. Simulating z = 3 Galaxy Images from HST ACS 
Images of Galaxies at Intermediate Redshifts 

In order to examine the reliabilities and uncertainties 
of the Sersic profile fitting, we make simulated AO K- 
band images of z ~ 3 galaxies from high-resolution im- 
ages of galaxies at intermediate redshifts, and compare 
the results obtained by fitting to the original images and 
the simulated images. The simulated images are made 
from HST ACS F775W- and F850LP-bands images of 
galaxies at intermediate redshifts in the GOODS-North 
and -South regions. The wavelength coverages of the 
F775W and F850LP filters are 7480-7910A and 8780- 
9320A, respectively, thus cover the rest-frame 5500A, 
which corresponds to if-band for z ~ 3 galaxies, of 
galaxies at z = 0.36 — 0.69. We limit the sample for 
the simulation to the galaxies with spectroscopic redshift 
in the redshift range. For the sample selection, we use 
spectroscopic redshifts from Cowie et al. (2004) and Le 
Fevre et al. (2004) for galaxies in the GOODS-North and 
GOODS-South regions, respectively. The ACS images 
cover 701 (GOODS-North) and 211 (GOODS-South) 
galaxies in the redshift range. 

We make the simulated images, basically following 
the method used in "cloning" high- redshift galaxies by 
Bouwens, Broadhurst, & Illingworh (2003). At first, 
we construct the rest-frame 5500A images of the z = 
0.36 — 0.69 galaxies by linearly interpolating the HST 
ACS F775W- and F850LP-band images ("original" im- 
ages). Secondly, we normalize and scale the images con- 
sidering the luminosity distance and the angular-size dis- 
tance. We make pure-luminosity evolution (PLE) mod- 
els with 1 mag and 2 mag by simply multiplying 2.5 
and 6.3 to the model images, respectively, as well as no 
evolution model. We do not consider the evolution of 
internal structures of the galaxies. After that, the scaled 
images are resampled to match the sampling of the AO 
if- band images of 0."029 pixel -1 . The original pixel scale 
of the archived ACS images is 0."03 pixel -1 and the an- 
gular physical scale difference is 1.26 between z = 0.5 
and z — 3.0, i.e., the AO if-band images for the z = 3 
galaxies have 1.26 times larger spatial sampling in phys- 
ical scale (kpc per pixel) than that of the ACS images 
for z — 0.5 galaxies. The kernel describing the difference 
between the PSF in the rescaled ACS image and the PSF 
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in a typical AO image is applied to the resampled images 
("model" images). In order to model the PSF of the AO 
images, we use the image of the brightest stellar object 
among objects not saturated (the stellar object shown in 
Figure [5J). The FWHM of the PSF of the ACS image 
is 0."1, which is 2 times better than the typical FWHM 
of the AO images. Finally, noise is added to the image 
considering typical background noise of the AO if-band 
images ("simulated" images). We assume the 5 h inte- 
gration for the simulation. 

We apply the SExtractor with the same object de- 
tection criteria to the simulated images as to the AO- 
assisted images. The simulated K and thl distribution 
of the simulated galaxies are shown in Figure [T7] along 
with the observed z ~ 3 LBGs with open circles. The left 
panel shows the fC-band magnitudes and tjjlS measured 
in the simulated images without the additional noise 
("model" image). Most of the model galaxies are fainter 
than the observed z ~ 3 LBGs at the same size without 
any evolution. The if -band magnitudes and thls mea- 
sured from the "simulated" images are shown with filled 
squares in the right panel for 2 mag PLE case. In the 
panel, we also plot the objects that are not detected in 
the "simulated" images with crosses, using if -band mag- 
nitudes and thls of the "model" images. Based on the 
distribution of the detected and non-detected objects in 
the diagram, we estimate the detection limit of the K- 
band imaging observation as shown with the thick dotted 
lines in the panel. The detection limit roughly corre- 
sponds to the surface brightness of 22.0 mag arcsec~ 2 in 
the if -band. The estimated detection limit well repro- 
duces the envelope of the observed distribution of the 
z ~ 3 LBGs. 

Then, we apply the same profile fitting procedure to 
both of the " original" and the " simulated" images, and 
compare the obtained best fit parameters from the two 
images for each object. We only consider the simulated 
galaxies with K < 21.5 mag in the no, 1 mag, and 2 mag 
PLE models, same as for the z ~ 3 LBGs. Figure [T8l 
shows the distribution of n measured in the "original" 
and the "simulated" images. The left and right panels 
shows galaxies with log R e (kpc) < 1 and log R e (kpc) > 1 
in the "original" images, respectively. The n index de- 
rived from the "simulated" image shows a larger scat- 
ter among original galaxy with a larger n, while the 
scatter for objects with n < 2 is small. The scatter 
is larger for galaxies with log R e (kpc) > 1 than those 
with logi? e (kpc) < 1. This is because in order to accu- 
rately determine the n index for larger n and/or larger 
R e galaxies, we need to detect more ext ended compo- 
nent with higher SN (jHaussler et al.l 2007). In addition, 
the n index from the simulated image is systematically 
smaller than that from the original image; for example, 
the galaxies with n = 3 — 5 are fitted well with n = 2 — 4 
in the simulated images. However, it is worth noting that 
most of the galaxies fitted well with n > 2 in the original 
images are fitted well with n > 2 in the simulated im- 
ages. Therefore the SN ratio and the spatial resolution 
of the AO-assisted if-band images of the z ~ 3 LBGs 
are sufficient to discriminate between n < 2 (disk-like 
profile) and n > 2 (spheroid-like profile) galaxies. 

For R e , the results are shown separately for galaxies 
with n < 2 (left) and n > 2 (right) in the "original" 
images in Figure HU Again the scatter is larger for n > 2 



galaxies due to the same reason mentioned above. In 
addition, the values derived with the simulated images 
are systematically smaller than those measured in the 
original images for both cases; the offset is —0.13 (—0.25) 
dex in logi? e for n < 2 (n > 2) galaxies. The smaller 
log R e obtained from the profile fitting to the simulated 
images can be owing to the fact that the outer part of 
the original image is missed in the simulated image due 
to the (1 + z)~ A surface brightness dimming and the high 
background in the i f -band observation. S uch systematic 
effect is discussed bv lTruiillo et al.l (|2001aD and the larger 
offset obtained for galaxies with larger n is consistent 
with the trend obtained in their calculations. Because 
the systematic offset can affect the comparison between 
the distributions of z ~ 3 galaxies and galaxies at low 
to intermediate redshifts from literature, we correct the 
best fit R e of the z ~ 3 LBGs obtained from the Sersic 
profile fitting by +0.13 (+0.25) dex for n < 2 (n > 2), 
adapting these offset values as already mentioned. 

Because the R e and n of the simulated objects are de- 
rived assuming the same observational condition and the 
same fitting method as used for the z ~ 3 LBGs, the 
distributions of the R e and n of the simulated objects 
can be directly compared with those of the z ~ 3 LBGs. 
The scatter of the corrected R e and n of the simulated 
objects with 2 mag PLE are shown in Figure [16] with 
blue small crosses There are two groups in the simulated 
objects; one around n ~ 1 with logi? e ~ 0.7 and the 
other around n ~ 3 with logi? e ~ 0.5. The original 
images of the galaxies indicate that the former (latter) 
group represents disk (elliptical) galaxies as expected. 
The different morphologies in the original images suc- 
cessfully recovered on the diagram as the two groups, 
i.e., the two groups can be distinguished with the spa- 
tial resolution, the SN ratio, and the fitting method of 
the AO if -band observations The distribution of the lat- 
ter group is consistent with the n - R e dist ribution of 
the elliptical galaxies in the local universe (jCaon et alj 
[1991 iD'Onofrio et al.lfl99l iGutierrez et alJl2004ft . The 
observed scatter of the z ~ 3 LBGs is close to that of the 
disk galaxies, and all but one LBGs belong to the group 
of disk galaxies. 

5.5. Concentration Parameter and Exponential-law 
Fitting for the Fainter LBGs 

For z ~ 3 LBGs fainter than if — 21.5 mag, no reliable 
profile fitting can be done with the Sersic profile with free 
n. Therefore, we examine the profile of the LBGs with 
more simple parameters, concentration C, and thl- The 
concentration parameter is closely related to the n of 
the Sersic profile (Abraham et al. 1994; Abraham et al. 
1996a; Abraham et al. 1996b); the profile with a larger 
n has larger C. We follow the definition by Barshady 
(2000), i.e., C parameter defined with the ratio between 
the radii enclosing 20% and 80% of the total flux, i.e, 
ratio between r(20%) and r(80%), 

C 80/2 o=log[r(80%)/r(20%)]. 

We plot the distribution of the simulated galaxies with 
K < 22.5 mag on C 80 /2o vs. ?"hl plane in Figure [201 The 
symbols are coded with the n of the original image; red 
crosses for n < 2, and blue open circles for n > 2. The 
division is not perfect, however, the lower right (upper 
left) region is dominated by n < 2 (n > 2) objects. The 
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z ~ 3 LBGs brighter than K = 22.5 mag are plotted 
on the same diagram with filled squares. The distribu- 
tion of the LBGs is similar to n < 2 population, and all 
but one of the LBGs have small concentration parame- 
ters. Q0302— 003-D73A has the largest Cgo/20 among the 
LBGs and it is consistent with the fact that the object 
is fitted well with Sersic profile with n = 3.0. The distri- 
bution indicates that the LBGs on average have profile 
similar to n < 2 population. The distribution is con- 
sistent with the profile fitting results for the LBGs with 
K < 21.5 mag. Based on the results, we fit the profiles of 
LBGs with 21.5 < K < 22.5 mag with exponential law, 
i.e., Sersic profile with n = 1 and determined R e for each 
object. We consider the same uncertainty of the PSF 
parameters described in Section 5.3. The fitting results 
are summarized in Table [6] We correct the R e s obtained 
by the n = 1 fitting by +0.13 dex as described in Section 
5.4. 

5.6. Surface Brightnesses and Surface Stellar Mass 
Densities of the LBGs 

Because the z ~ 3 LBGs show the low concentration 
profiles similar to the disk galaxies in the local universe, 
we examine the properties of the z ~ 3 LBGs comparing 
with those of the disk galaxies at z — and z = 1 from 
Barden et al. (2005). We assume that the z ~ 3 LBGs 
have a disk shape. In order to distinguish a spheroidal 
shape with n = 1 profile from the disk shape, we need 
to examine the statistical distribution of the ellipticities 
of the z ~ 3 LBGs, but the current sample is limited in 
number, especially for bright LBGs, we leave the discus- 
sion for later studies. Barden et al. (2005) have selected 
the z r~j and z ~ 1 disk galaxies from the second data 
release of the Sloan Digital Sky Survey and HST/ACS 
images of Galaxy Evolution from Morphologies and SEDs 
survey, respectively. They have applied 1 component el- 
liptical Sersic profile fitting to the images of the galaxies 
([Haussler et al.ll2007f l. and select disk galaxies with the 
best-fit Sersic n index smaller than 2.5, with which they 
can discriminate between spheroid-dominated (E/SO/Sa) 
and disk-dominated (Sb/Sc/Irr) galaxies. 

The size-luminosity relation of the z ~ 3 LBGs is 
shown in Figure 1211 In the right panel of the Figure, 
we compare the scatter of the z ~ 3 LBGs with those 
of the z ~ (blue dashed contour) and z ~ 1 (red solid 
contour) disk galaxies. The Mys of the z ~ 3 LBGs are 
brighter than the average of the z = and z = 1 disk 
galaxies at the same R e . For z ~ and z ~ 1 galaxies, 
the relations between the R e and My are examined as 
the surface brightness distributions. The absolute mean 
surface brightness of the disk galaxies within the effective 
radius in the rest-frame V-band, \iy (mag arcsec -2 ), is 
related to My and R e by, 

/xy(mag arcsec -2 ) = My (mag) +5 log i? e (kpc) +2.5 log q+ 

(|Barden et al.l |2005[ ) . We use two values of the average 
of the qs in order to calculate the average surface bright- 
ness; q = 0.5 following Barden et al. (2005) and q = 1.0 
representing an extreme case with the faintest surface 
brightness. The average fly of the 4 LBGs brighter than 
M y (z = 3) is fj, v = 17.64 (18.38) mag arcsec" 2 with 
q = 0.5 (q = 1.0). The standard deviation is 0.71 mag 
arcsec -2 . If we use the LBGs with K < 22.5 mag, nv 
is 17.92 (18.67) mag arcsec -2 with q = 0.5 (q = 1.0) 



and the standard deviation is 1.11 mag arcsec -2 . The 
constant surface brightnesses of 18.38 and 18.67 mag 
arcsec -2 are shown with dotted and dashed lines, respec- 
tively, in Figure [2~T1 The surface brightnesses are signifi- 
cantly brighter than the surface brightness limit observed 
in the local galaxies (/xy = 22.4 mag arcsec -1 ) derived 
with the Freem an law, (Xo,b = 21.65 + 0.30 mag arcsec -1 
( Freemanlll970D. using B — V = 0.3 — 0.5 for disk galaxies 
( Roberts fc Havnes II1994I ). and the relation between the 
mean surface brightness and the central surface bright- 
ness for Sersic profile with n = 1 (/i = fiQ + 1.1). The 
mean surface brightnesses derived from the distributions 
of z = and z = 1 galaxies shown in Figure [21] are 
20.84+0.03 and 19.84+0.07 mag arcsec -1 with q = 0.5, 
respectively (|Barden et al. 2005). If we apply the q = 0.5 
(q = 1.0), the surface brightnesses of the z ~ 3 LBGs are 
2.9 (2.2) mag and 1.9 (1.2) mag brighter than the disk 
galaxies at z = and z = 1, respectively. 

The evolution of the surface brightness from z = 1 to 
z = is thought to be due to fading of the stellar pop- 
ulation in the disks, and the size-mass relation, which 
reflects the surface stellar mass density of the disks, does 
not show significant evolution in the redshift range (Bar- 
den et al. 2005). In order to examine the size-stellar 
mass relation of the z ~ 3 LBGs, we estimate their stel- 
lar mass with the V-band luminosity. Following Rud- 
nick et al. (2003), we use the dependence of the stellar 
mass (M*) to V-band luminosity (£y) ratio, log(M*/Ly) 
(M Q /L Q ), on the rest-frame U — V color. Using the same 
SED library used to derive the relation between the ob- 
served J — K colors and the rest-frame U — V colors, we 
derive the relation, 

log(M*/Zy) = 0.85 x(U- V) rost - 0.43, 

for constant and exponentially-decaying starformation 
histories by assuming the Kroupa initial mass function 
(IMF; Kroupa et al. 1993). The relation depends on the 
assumed IMF; if we use Salpeter IMF (Salpeter 1955), 
the relation is 

log(M*/Ly) = 0.95 x(U- V) rcst - 0.28. 

The tilt is steeper than the Kroupa IMF case. The stel- 
lar masses of 39 z ~ 3 LBGs derived with the Salpeter 
IMF relation match with those estimated with optical-to- 
NIR multi-color photometry including J- and _R"-bands 
by Shapley et al. (2001) with Salpeter IMF, within a 
standard deviation of 0.25 dex. The stellar masses of 
the 3 red z > 2 galaxies derived with the relation are 
also consistent wi th those derived with a SED fitting 
(|Kriek et al.ll2006l ). within the standard deviation. We 
refer the standard deviation as the uncertainty of the 
stellar mass estimation with the relation. For objects 
without spectroscopic redshifts, the uncertainties become 
QJ35 dex due to the uncertainty of their redshift. The ef- 
rect of the internal extinction changes the log(M*/Ly) 
and (U — V) in parallel to the relation (Rudnick et al. 
2003), and the effect is smaller than the scatter of the re- 
lation itself within the observed range of the U — V color. 
We use the relation with the Kroupa IMF, because the 
IMF is used in Barden et al. (2005). 

The derived stellar masses of the z ~ 3 LBGs are sum- 
marized in Table [6] and the size-stellar mass relation is 
shown in Figure [22] The size-stellar mass relation of the 
z ~ 3 LBGs shows that their R e does not depend on their 
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M* in the observed mass range. In the right panel of the 
figure, we overplot the distributions of z = (blue dot- 
ted contour) and z — 1 (red solid contour) disk galaxies. 
Bright LBGs with ~ M v , i.e., log M*(M Q ) > 11, have 
smaller logi? e than the z — and z = 1 disk galaxies 
with similar mass. On the contrary, fainter LBGs with 
smaller stellar masses follow the distributions of z — 
and z = 1 disk galaxies. We follow the definition of 
the surface stellar mass density, Sm, which represents 
the average surface stellar mass density within R e , from 
Barden et al. (2005); 

logS M (M Q kpc~ 2 ) = logM»,(M )-21og J R e (kpc)-log(27rg). 

The mean log£ M (M Q kpc -2 ) is 9.3 (9.0) for the four 
z = 3 LBGs brighter than M v with q = 0.5 (q = 1.0) 
with a standard deviation of 0.3. For the LBGs with 
K < 22.5 mag, the mean log£ M (M kpc -2 ) is 8.8 (8.5) 
with q = 0.5 (q = 1.0) with standard deviation of 0.7. 
For z — and z = \ disk galaxies, t he log S m is constan t 
with 8.50 ± 0.03 assuming q = 0.5 ([Barden et al.ll2005f ). 
As seen in the distributions, the average surface stellar 
mass density of the LBGs brighter than M v is 3 (q = 
1.0) - 6 (q = 0.5) times larger than the averages of the 
z = and z = 1 disk galaxies, and the fainter LBGs have 
similar Em with the z = and z = 1 disk galaxies. 

6. DISCUSSION 
6.1. n < 2 Galaxies at High-redshifts 

All but one of the LBGs with K < 21.5 mag are fitted 
well with Sersic profile with low n values, and the scatter 
of the LBGs with K < 22.5 mag on the C-rnL plane 
implies that the profiles of the LBGs are more close to 
n < 2 profiles than n > 2 profiles as a whole. These 
results indicate the light profiles of the z ~ 3 LBGs are 
similar to the exponential-law of disk galaxies, and less 
concentrated than those of elliptical galaxies. 

Motivated by the fact that the LBG that has the 
largest best fit n parameter has a red J — K color 
(Q0302-003-D73A; J-K = 2.46 mag), we examine the 
profiles of red galaxies at similar redshifts to the z ~ 3 
LBGs. The criter ion J — K > 2.3 m ag for Distant Red 
Galaxies (DRGs; iFranx et al.l I2003T ) can select the red 
galaxy population at similar or slightly lower redshifts to 
the z ~ 3 LBGs; spectroscopic follow-ups of DRGs found 
among dee p surveys have show n that they are gala xies at 
z = 2 - 3 ([van Dokkum et alj|2003t iReddv et al.ll2005D . 
though there can be contamination of 1 < z < 2 galaxies 
among if-band bright DRGs fou nd in shallow wide are a 
surveys (64% at K s < 18.7 mag; IConselice et al.|[2006h . 
Using the l."0 diameter aperture J — K colors of galax- 
ies in the 10 AO observed fields with J-band data, we 
select DRGs within 10" < d < 35" from the AO guide 
stars. There are 7 DRGs excluding 3 LBGs that meet 
the DRG criterion in the sample down to K ~ 22 mag 
(Figure [5]) . All but one of them are fainter than K = 20 
mag. The number density of the DRGs with K ~ 22 
mag is consistent with previous studies (e.g., Kajisawa 
et al. 2006). The postage stamp images of the DRGs are 
shown in Figure [531 an d the if -band magnitudes, J — K 
colors, and Thls of the DRGs are listed in Table [7] The 
Thl of the DRGs are similar to those of the LBGs in the 
same magnitude range (shown with open squares in Fig- 
ure [7]) . We apply the same Sersic profile fitting method 



by changing the model PSF to the DRGs with K < 21.5 
mag. The details of the fitting results are summarized 
in Figures [Hand [SS All of the DRGs with K < 21.5 
mag are fitted well with Sersic profile with n < 2. The 
best-fit Sersic parameters of the DRGs arc plotted in 
Figure [16] with open squares. The distribution of the 
DRGs is not significantly different from that of the z ~ 3 
LBGs. The C parameters of the DRGs including DRGs 
with 21.5 < K < 22.0 mag are plotted in Figure l20l with 
open squares. The distribution of the DRGs on the C 
vs. thl plane is similar to that of the z ~ 3 LBGs, and 
favors the n < 2 profile as a whole. 

In addition to the LBGs and the DRGs, we observed 
one radio galaxy 4C28.58 at z = 2.891 during the observ- 
ing program. We used if -band filter in order to avoid 
being affected by redshifted strong Ha and [OIII] emis- 
sion lines of the radio galaxy. The AO-assisted if-band 
image of 4C28.58 is shown in the left panel of Figure [26l 
The image consists of one bright and one faint peaks, 
and SExtractor detected two components. The if-band 
magnitude, J — K color, and thl of each component are 
measured separately. They are summarized in Table [7] 
and plotted in Figure [7] with open triangles. Because 
the two peaks are enclosed in one extended halo, we fit 
one component Sersic profile centered at the bright peak 
to the image. The results are shown in the middle and 
right panels of Figure [26] and summarized in Table [7] Al- 
though the central part of the galaxy has a concentrated 
core, the overall profile is also fitted well with the Sersic 
profile with small n index of 0.3 ± 0.2. 

Not only the LBGs, but also the DRGs and a radio 
galaxy are dominated with Sersic profile with n < 2. 
The result implies that there are less n > 2 galaxies at 
z ~ 3 even among the red and massive galaxies (it should 
be noted that even if-band bright LBGs have red U — V 
colors), which are dominated by r 1 / 4 profiles in the local 
universe, though the sample of the z ~ 3 galaxies with 
K < 21.5 mag for which Sersic profile fitting with free 
n is reliable is still quite small in order to draw a rigid 
conclusion. The pre sence of disk- li ke ga laxies at z ~ 3 is 
already reported bv lLabbe et al.l (|2003[ L Moreover, the 
disk-like profiles of old-red massive galaxies are reported 
for individual red galaxies at z ~ 1.5 — 2.5 (lye et al. 
2003; Stockton et al. 2004; Daddi et al. 2005; Toft et al. 
2005). Their photometric properties are consistent with 
those of progenitors of elliptical galaxies in the local uni- 
verse; their SEDs are well described with a passive stel- 
lar population with a few Gyr age, and estimated stellar 
masses are ~ 1O 11 M0. However their rest-frame opti- 
cal profiles are elongated and fitted well with Sersic pro- 
files with n < 2. In addition to these individual results, 
it is reported that the fraction of high-concentration 
spheroidal galaxies decreases at higher redshifts using 
the rest-frame op tical data; from z = to z = 1 with 
HST/ACS data (|Barden et all [20051 ). from z = 1 to 
z = 2 with HST/NICMOS data covering rest-frame B- 
band (|Papovich et al.ll2005l ) , and from z = 0-5 to z = 3 
with HST/NICMOS data (IConselice et alJ l2005h . The 
cosmic stellar mass density in morphologically "early- 
type" galaxi es show a significant decrease from z = 0.0 
to z — 1.7 ([Abraham et al.l l2007f ) . The observed dom- 
inance of disk-like profiles among the z ~ 3 LBGs and 
the DRGs follows the decreasing trend of the spheroidal 
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galaxies at z > 1. 

6.2. Dense Disks of High Redshift Galaxies ? 

If we assume that the z ~ 3 LBGs have disk morphol- 
ogy, as shown in Figure [2IJ the My of the z ~ 3 LBGs 
are brighter than z = and z = 1 disk galaxies at the 
same R e . The average surface brightness of the z ~ 3 
LBGs is 2.2-2.9 mag and 1.2-1.9 mag brighter than those 
of z = and z = 1 disk galaxies, respectively. The DRGs 
are plotted in the figure with open squares. The R e s of 
the DRGs are similar to those of the z ~ 3 LBGs at 
the same My. The average y-band surface brightness of 
the 7 DRGs is 17.53 (18.28) mag arcsec" 2 with q = 0.5 
(q = 1.0), which is close to that of the z ~ 3 LBGs 
brigh ter than My . We also plot LDGs at 2.5 < z < 3.0 
froml Labbe et all (120031) an d a red disk galaxy at z ~ 2.5 
from lStockton et alj (|2004f ) with large crosses and a large 
asterisk, respectively. All of them have similar R e to the 
z ~ 3 LBGs at the same My. 

If we examine i? e as a function of M», the R e does 
not depend on M* as shown in Figure [22j and for the 
z ~ 3 LBGs brighter than M v , the average surface stel- 
lar mass density estimated from M* and R e is 3-6 times 
larger than that of z = — 1 disk galaxies. The large 
surface stellar mass density of the LBGs brighter than 
My implies they have different stellar mass distribution 
from those of disk galaxies at z = — 1. On the con- 
trary, for less-massive z ~ 3 LBGs, the Ej\/ distribution 
is similar to those of z = and z = 1 galaxies. The 
DRGs are plotted with open squares in the figure. We 
estimate their stellar mass using the same relation be- 
tween the stellar mass to y-band luminosity ratio and 
the rest-frame U — V color as shown in Section 5.6. The 
R e s of the DRGs are similar to the z ~ 3 LBGs brighter 
than M v , while their estimated stellar masses are larger 
than those of the LBGs on average. The average sur- 
face stellar mass density of the DRGs is calculated to be 
log Yim{Mq kpc~ 2 ) = 9.8(9.5) with q = 0.5 (q = 1.0). 
The average is even larger than that of the z ~ 3 LBGs 
brighter than My. 

The presence of disk galaxies with high surface stel- 
lar mas s density is already reported among objects a t 
z ~ 1 ((Simard et all 119991 : iRavindranath et all 12004( 1. 
but their fraction among the whole sample is not high 
and no evolution is det ected in the average Sjf of disk 
galaxies below z < 1 (Ba rden et al.1 [20051 : Figure [22]) . 
At higher redshifts, a significant fraction of red galax- 
ies show large surface st ellar mass density (|Truiillo et al.l 
I2006bt IZirm et alJl2007t l: for example "quiescent" DRGs 
have R e < 1 kpc and stellar mass of 4 x 10 9 - 2 x 1O 1O M 
with the Kroupa IMF. Their R e s are smaller than the 
z ~ 3 LBGs in the same mass range, and the estimated 
surface stellar mass density is comparable to those of the 
z ~ 3 LBGs brighter than My. 

Can we miss low surface stellar mass disks among mas- 
sive z ~ 3 galaxies ? For the LBGs brighter than M v , 
as shown in Figures [7] and HZl the detection limit of 
our observation is deep enough to detect galaxies two 
times larger than the detected LBGs, therefore if there 
are many M v LBGs around log E M (M Q kpc~ 2 ) = 8.5 
like z = and z — 1 galaxies, then we expect to de- 
tect more LBGs with log £Af(M©kpc~ 2 ) ~ 8.5 among 
My LBGs than observed, even though the current sam- 
ple size is quite limited. Because we examine z ~ 3 



galaxies selected not only with U -dropout but also with 
DRG criterion, if there are many disk galaxies with 
log£M(M Q kpc~ 2 ) = 8.5 at z ~ 3, we are missing a 
large number of such galaxies by both of the LBG and 
the DRG selections. 

The higher stellar mass surface density of the disk 
systems at higher redshift is consistent with sim- 
ple evolution models of rotational ly-supported disks 
in virialized dark-matter halo s (|Fall fe E fsatathiou 
[19801: IMo. Mao, fe Whitel Il99l iBouwens fc Silkl 120021 : 
ISomerville et alJl2006t l. Because a halo virialized at a 
higher redshift (z v ; r ) has a higher density (p v ; r cx H(z v - 1T ) 2 
where H(z v - lr ) is the Hubble constant at the time of the 
virialization) and a smaller size (r v ; r oc i?(z V j r )~ 2 / 3 ) for 
a fixed dark- halo mass, if a rotationally-supported disk 
forms with a fixed fraction of mass and angular momen- 
tum of the dark matter halo, the disk is expected to be 
more compact and more dense. In a simple model, for 
disks with a fixed mass, the surface mass density is pre- 
dicted to follow E oc pr cx iJ(z) 4 / 3 (|Mo. Mao, fc White I 
1998). If we assume that the stellar disk follows the 
relation, we expect that the surface stellar mass den- 
sity of disks form at z = 3 is 7 and 3 times higher 
than the disks form at z = and z = 1, respectively 
(|Mo. Mao fe White I IT998T ). Recently a model with a 
milder evolution of the surface stellar mass density is 
proposed by Somerville et al. (2006) based on results of 
N-body simulations. Because the dark halo build up from 
the inside out, the mass density in the central region of 
the dark halo in the scale of galaxies evolves slower than 
that expected from the simple model shown above in the 
redshift range between z = — 3. The model with the 
mild evolution predicts the size of the disks of z = 3 
galaxies with stellar masses greater than 3 x 1O 1O M0 is 
2 times smaller than those of z = galaxies with the 
same stellar mass. The observed high surface stellar mass 
density of the z ~ 3 LBGs brighter than M v is slightly 
smaller than that expected from the former simple model 
and closer to the latter model with the milder evolution. 

Because in the local universe, such high surface stellar 
mass density disk as the massive z ~ 3 LBGs is rare, 
we expect that the disks of the massive z ~ 3 LBGs are 
destroyed between z ~ 3 to z ~ 1. The strong spatial 
clustering of the LBGs implies that they reside in mas- 
sive dark halos and that they evolve into local ell i ptical 
galaxies (ISteidel et al.l H998fc [Mp Mao fc Whitel Il999l: 
Giavaliscdf2002l : iFoucaud et al. 1 120031 : lAdelberger et all 
20051) . Therefore, the high surface stellar mass density 
disks would evolve into local elliptical galaxies through 
merging events. 

6.3. Placing the z ~ 3 LBGs in the Growth History of 

Galaxies 

Considering the difference between the mass of the 
dark matter halos the z ~ 3 LBGs reside (2 — 6x 1O 11 M ; 
lAdelberger et al.1l2005t l and the Jeans mass at the time 
of reionization (10 10 M Q ), we naively expect that the 
z ~ 3 LBGs form from building blocks through several 
major merges. Although initially a disk structure can 
be formed through continuous accreti on of inter galac- 
tic matter (jSteinmetz fc Navarroll2002f) . a merging event 
is thought to transform the disk structure to spheroidal 
structure through violent mixture, which has been simu- 
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lated by many authors wit h N-body codes (see review by 
iBarnes fe Hernquls"tlll992l ). How does the flat profiles of 
the LBGs and other high-redshift massive galaxies sim- 
ilar to local disk-galaxies survive through the merging 
events ? Why is the fraction of galaxies with highly- 
concentrated profiles similar to local spheroidal galax- 
ies small at high redshifts ? The high fraction of disk- 
like galaxies in the high-redshift universe would be ex- 
plained with a hypothesis that they have been going 
through only gas-rich "wet" merges at that time. Recent 
smoothed particle hydrodynamics simulations of mergers 
of gas-rich (gas mass fraction larger than 0.5) galaxies 
show that disk-like (n = 1) distribution of stellar com- 
pone nt can be reproduced again after the "wet" merg- 
ing (ISteinmetz fe Navarrol 120021: ISpringel fc Hernquistl 
I2005t iRobertson et al.ll2006l : ICox et al.ll2OO60 . The sizes 
2 — 6 kpc) of the re mnant disks in the simulations 
Robertson et al.ll2006f) are broadly consistent with those 
observed in the z ~ 3 LBGs with similar stellar masses 
(~ a few xlO lo M0). We expect the gas mass fraction of 
the z ~ 3 LBGs can be high, based on the fact that the 
fraction of the z ~ 2 UV-selected star-forming galaxies, 
which arc simil ar to the LBGs, is really estimated to be 
0.5 on average (|Erb et al.ll2006f) . 

How do the z ~ 3 LBGs evolve into spheroids of 
local galaxies ? The disk-like property of z ~ 3 
galaxies conflicts with the scenario at the first glance. 
However, once the gas fraction of galaxies decreases 
at lower redshifts, the disk-like galaxies would evolve 
into s pheroidal galaxies through g as-poor " dry" merging 
(e.g., ISteinmetz fc Navarrol I2002T ) . The z ~ 3 galaxies 
with stellar mass of 1O 1O M0 are expected to experience 
still several major me rges from z — 3 to z = ( Nagamine 
l2002tlConse"Iice1l2006D . The "dry" merging events do no t 
induce intense starformation (e.g., Ivan Dokkuml [2005L 
and the scenario is consistent with the observational ev- 
idences suggesting the large part of the stars in elliptical 
galaxies i n the nearby u niverse is formed at z > 1.5 (see 
review bv lRenzinill2006D . 

7. SUMMARY 

In order to examine the rest-frame TAband morphology 
of the z ~ 3 LBGs covering a wide luminosity range 
(My -0.5 mag - My +3.0 mag), we conduct AO-assisted 
imaging observations of 36 of them in the if-band, which 
corresponds to the rest-frame U-band in z ~ 3 galaxies. 
Thirty one of the LBGs are detected in the deep imaging 
observations. The AO observations clearly resolve most 
of the z ~ 3 LBGs at the resolution of FWHM~ 0."2. 

1. The median thl is 0."23, which corresponds to 1.8 
kpc at z — 3. LBGs brighter than My have larger thl 
(0."40) than the fainter LBGs (0."23) on average, and 
there is no bright LBGs with small thl- 

2. We also obtain J-band data of thirty of the LBGs 
in order to examine their J — K colors, which correspond 
to the rest-frame U — V colors. The bright LBGs show 
red rest-frame U — V colors (average of 0.2 mag), while 
most of the fainter LBGs show blue rest-frame U — V 
color (average of —0.4 mag). The red and blue colors are 
close to the colors of red massive and blue less massive 
galaxies at 2 < z < 3 selected with photometric redshifts, 
respectively. 

3. The AO-assisted if -band images of the LBGs are 
compared with the optical images with the seeing-limited 



resolution. The peaks in the K-b&nd images of 7 of the 
LBGs with K < 22 mag show significant or marginal 
shifts from those in the optical images. The presence of 
the shifts implies that the UV-bright star-forming regions 
are not necessarily centered at their main body observed 
in the if -band. For the LBGs with K > 22 mag, no shift 
between the peaks in the if -band and the optical images 
is observed. 

4. We fit Sersic profiles to the images of the LBGs with 
K < 21.5 mag, taking care of the uncertainty of the final 
PSF at the position of the targets. The images of all but 
one of the LBGs with K < 21.5 mag are fitted well with 
Sersic profile with n index less than 2, similar to disk 
galaxies in the local universe. The uncertainties of the 
obtained parameters are examined with the simulated 
images of z ~ 3 galaxies made from HST/ACS images 
of galaxies at z = 0.36 — 0.69. The SN and the spatial 
resolution of the AO-assisted if -band images of the z ~ 3 
LBGs arc sufficient to discriminate between n < 2 and 
n > 2 galaxies. 

5. For LBGs with 21.5 < if < 22.5 mag, we examined 
concentration parameter instead of fitting Sersic profile. 
The scatter of the LBGs on the C vs. thl plane is con- 
sistent with those of the disk galaxies. 

6. Assuming that the z ~ 3 LBGs have a disk shape, 
we compare their size-luminosity and size-stellar mass 
relation with those of z = and z = 1 disk galaxies 
from Barden et al. (2005). The z ~ 3 LBGs are brighter 
than z = and z = 1 disk galaxies at the same R e . The 
surface brightness of the LBGs, which are estimated from 
My and R e , are 2.2-2.9 mag and 1.2-1.9 mag brighter 
than those of the disk galaxies at z = and z = 1, 
respectively. 

7. The size-stellar mass relation of the z ~ 3 LBGs 
shows that the R e of the z ~ 3 LBGs does not depend 
on their M*. The z ~ 3 LBGs brighter than My have 
the average surface stellar mass density 3-6 times larger 
than those of the z = and z = 1 disk galaxies. On the 
contrary, for less-luminous z ~ 3 LBGs, their size-stellar 
mass relation is consistent with those of z = and z = 1 
disk galaxies. 

8. We examine the profiles of the serendipitously ob- 
served DRGs. They are also fitted with the Sersic profiles 
with n < 2, and their scatter on the C vs. thl plane is 
similar to that of the z ~ 3 LBGs. Their R e s are similar 
to those of the z ~ 3 LBGs at the same My. Because 
their estimated stellar masses are larger than those of 
the z ~ 3 LBGs on average, their average surface stellar 
mass density is even larger than that of the z ~ 3 LBGs 
brighter than My. 

Using the deep AO imaging observations in the K- 
band, the light profiles of the z ~ 3 galaxies in the rest- 
frame optical band can be examined with the high spatial 
resolution for the first time, though the number of the 
observed bright z ~ 3 galaxies is still quite limited by 
the availability of the bright guide star required for the 
AO observation with a NGS. AO systems with laser guide 
stars (LGSs) are establishing their importance in the field 
of the high resolution NIR imaging observations of galax- 
ies in the high galactic latitude regions. We start an LGS 
AO observing program to extend the sample of bright 
z ~ 3 galaxies, in order to establish the morphological 
evolution between z = 3 to z = 0. The high-resolution 
-ftT-band imaging observations of the galaxies at z > 3 
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should be one of unique fields which are explored only 
with LGS AO on ground-based 8-10m class telescopes 
until the launch of the James Webb Space Telescope. 

We would like to thank through reviewing and valuable 
comments by the refree. We thank staff members of the 
Subaru Telescope for their support during observations, 
especially support scientists, Drs. Hiroshi Terada, Shin 
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TABLE 1 
Observed Field of Views 



Field ID 


Center 


Guide Star 


R a 




RA DEC 


RA DEC 


(mag) 




(2000) (2000) 


(2000) (2000) 



Q0302-003-FOV1 


03: 


:04: 


:28 


.9 


-00: 


:07: 


.55 


.0 


03 


:04 


:29 


.71 


-00: 


:07: 


:39 


.8 


14. 


.7 


Q0302-003-FOV3 


03: 


:04 


:45. 


3 


-00: 


:13 


:26. 


1 


0.3 


:04 


:44 


.71 


-00: 


:13 


:38. 


,5 


14 


,5 


Q1422+2309-FOV12 


14: 


21 


:34 


1 


+22: 


:50: 


:48, 


.0 


14 


:24: 


:34 


.43 


+22 


:50 


53 


,8 


14 


.5 


Q1422+2309-FOV4 


14: 


:24: 


:49. 


.2 


+22: 


:51: 


:30. 





14 


:24: 


:48 


.98 


+22: 


51 


:40 


.0 


11 


.6 


Q1422+2309-FOV5 


14: 


21 


:28. 


3 


+22: 


56 


:38. 





14 


:24: 


:29 


.76 


+22: 


56 


:41. 





13 


,7 


Q1422+2309-FOV7 


14: 


:24 


:29 


,2 


+22: 


53 


:05 


.0 


14 


:24: 


:29 


.03 


+22: 


:52 


:59. 


6 


13 


.0 


Q2233+1341-FOV1 


22: 


:36: 


21 


,6 


+ 13: 


:58: 


.51 


2 


22 


:36: 


:24 


.04 


+ 13: 


■58' 


:51 


.1 


13 


,7 


DSF2237b-FOVl 


22: 


:39: 


:20 


.5 


+ 11: 


:55: 


:27 


.0 


22 


:39: 


:20 


.69 


+ 11: 


■55 


:35. 


.6 


13. 


1 


DSF2237b-FOV2 


22 


:39 


:22. 


3 


+ 11: 


:48: 


:42. 





22 


:39: 


:22 


.13 


+ 11: 
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:40. 


4 


14 
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22 


:39: 


:23. 


.7 


+ 11: 


:47 


:50 


.0 


22 


:39 


:23 


.76 


+ 11: 


17. 


:50 


.0 


13. 





DSF2237a-FOV4 


22 


:39: 


:58 


.6 


+ 11: 


:50: 


:49 


.6 


22 


:39: 


:58 


.55 


+ 11: 


50 


:50 


.0 


13 


.3 


DSF2237a-FOV5 


22: 


:39 


:49 


3 


+ 11: 


:52 


:59. 


,4 


22 


:39 


:49 


.61 


+ 11: 


:52. 


:59 


,7 


14 


3 


4C28.58 b 


23: 


:52 


:00 


,8 


+29: 


10 
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2.3 


:52 


:02 


.03 


+29: 


10: 


■27. 


9 


12 


1 



a i?-band magnitude of the AO-guide star from USNO catalog. The radio galaxy is observed 
in order to compare with the LBGs. See Section 6.1. 



TABLE 2 

Observed Objects 



Field ID 


Name 


RA a 


DEC a 


R a 




^■abs 


Note 






(2000) 


(2000) 


(mag) 






Q0302-003-FOV1 


Q0302-003-MD373 


03:04:28.47 


-00:07:45.9 


24.36 


2.787 


9.999 






Q0302-003-D113 


03:04:30.33 


-00:08:11.4 


24.64 


2.920 


9.999 


QSO 




Q0302-003-MD346 


03:04:27.84 


-00:07:41.1 


24.14 


9.999 


9.999 




Q0302-003-FOV3 


Q0302-003-M80 


03:04:45.70 


-00:13:40.6 


24.12 


3.416 


9.999 






Q0302-003-MD216 


03:04:44.78 


-00:13:01.8 


24.43 


9.999 


2.401 






Q0302-003-M86 


03:04:45.18 


-00:13:17.4 


25.43 


9.999 


9.999 






Q0302-003-D73 


03:04:44.91 


-00:13:21.0 


24.46 


9.999 


9.999 






Q0302-003-MD204 


03:04:44.81 


-00:13:24.8 


24.42 


9.999 


9.999 






Q0302-003-MD192 


03:04:45.35 


-00:13:51.1 


24.37 


9.999 


9.999 





Q1422+2309-FOV12 



Q1422+2309-C36 
Q1422+2309-MD68 



Q1422- 
Q1422- 
Q1422- 
Q1422- 
Q1422- 



-2309-MD61 

2309-C26 

2309-MD59 

2309-MD60 

2309-D25 



14:24: 
14:24: 
14:24: 
14:24: 
14:24: 
14:24: 
14:24: 



33.11 
33.24 
34.74 
34.98 
33.86 
33.62 
33.04 



+22:51:15.3 
+22:50:52.2 
+22:50:25.7 
+22:50:23.6 
+22:50:22.4 
+22:50:25.1 
+22:50:35.7 



24.08 
25.17 
25.68 
24.95 
24.70 
25.36 
25.09 



3.261 
9.999 
2.580 
3.088 
9.999 
9.999 
9.999 



3.251 
2.801 
9.999 
3.083 
9.999 
9.999 
9.999 



Q1422+2309-FOV4 


Q1422+2309-C35 


14:24:50.20 


+22:51:14.4 


24.68 


3.423 


3.412 


Q1422+2309-FOV5 


Q1422+2309-MD133 


14:24:29.12 


+22:56:24.6 


23.24 


2.748 


2.745 


Q1422+2309-FOV7 


Q1422+2309-C52 
Q1422+2309-MD90 
Q1422+2309-C57 
Q1422+2309-MD88 


14:24:30.29 
14:24:26.93 
14:24:27.22 
14:24:26.96 


+22:52:49.9 
+22:53:21.6 
+22:53:10.3 
+22:53:16.2 


24.61 
24.37 
24.98 
25.19 


9.999 
2.743 
9.999 
9.999 


3.072 
9.999 
9.999 
9.999 


Q2233+1341-FOV1 


Q2233+1341-MD46 


22:36:24.26 


+13:59:12.5 


23.81 


2.716 


2.711 


D9F2237b-FOVl 


DSF2237b-MD81 


22:39:21.72 


+11:55:10.4 


24.16 


9.999 


2.823 




DSF2237b-D28 


22:39:20.25 


+11:55:11.3 


24.46 


2.938 


2.926 




DSF2237b-MD90 


22:39:19.73 


+11:55:40.8 


23.60 


9.999 


9.999 




DSF2237b-D27 


22:39:19.79 


+11:55:08.0 


24.92 


9.999 


9.999 




DSF2237b-MD80 


22:39:22.22 


+11:55:08.3 


25.37 


9.999 


9.999 


DSF2237b-FOV2 


DSF2237b-MD22 


22:39:23.07 


+11:48:57.5 


24.36 


9.999 


2.925 




DSF2237b-MD19 


22:39:21.08 


+11:48:27.7 


24.48 


2.616 


2.614 




DSF2237b-C10 


22:39:24.33 


+11:48:28.5 


25.10 


9.999 


9.999 


DSF2237b-FOV3 


DSF2237b-D5 


22:39:24.97 


+11:47:57.5 


23.51 


9.999 


2.618 




DSF2237b-MD13 


22:39:23.14 


+11:47:26.0 


24.97 


9.999 


9.999 




DSF2237b-MD14 


22:39:24.77 


+11:47:42.5 


25.04 


9.999 


9.999 


DSF2237a-FOV4 


DSF2237a-Cll 


22:39:57.69 


+11:50:32.7 


24.69 


3.152 


9.999 


DSF2237a-FOV5 


DSF2237a-C15 


22:39:50.06 


+11:52:45.7 


23.04 


3.151 


3.138 


4C28.58 


4C28.58 


23:51:59.20 


+29:10:29.0 




2.891 b 





a Taken from Steidel et al. (2003). 9.999 in z om and z a b s means not available. 13 Taken from Rottgering ct al. 
(1996). 
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TABLE 3 
Journal of Observations 



Date 
(HST) 




( ) 


Seeing size 
(") 


o 


/// \ 

( ) 


Atmospheric extinction 
(mag) 


Photometric condition 


Note 


2003/10/14 


11. Oh 


0.49 


/ 


0.49 


/ 


0.53 


0.05(0.00-0.10) 


whole night 


thin cirrus 


2004/04/04 


7. Oh 


1.06 


/ 


0.74 


/ 


0.51 


0.10(0.05-0.15) 


whole night 


clear 


2004/04/05 


7.0h 


0.72 


/ 


0.59 


/ 




0.08(0.05-0.10) 


whole night 


clear 


2004/05/28 


5.5h 


0.48 


/ 
1 


0.48 


/ 




0.08(0.05-0.10) 


whole night 


thin cirrus 


2004/06/13 


7.0h 




1 
1 


0.86 




0.65 


0.10(0.00-0.20) 


last half 


thick cirrus 


2004/06/14 


10. Oh 


0.59 


I 
I 


0.69 






0.30(0.00-1.00) 


last half 


thin cirrus 


2004/06/30 


5. Oh 


0.68 


1 
1 


0.71 


/ 




0.50(0.00-1.00) 


no 


thick cirrus, cloudy 


2004/07/02 


10. Oh 


0.52 


1 


0.52 


/ 


0.69 


0.05(0.00-0.07) 


whole night 


clear 


2004/07/03 


10. Oh 


0.65 


1 
1 


0.45 


/ 


0.38 


0.03(0.00-0.05) 


whole night 


clear 


2004/07/04 


10. Oh 


0.75 


1 


0.80 


/ 




0.03(0.00-0.10) 


whole night 


clear 


2004/07/05 


5.0h 


0.67 


1 


0.60 


/ 




0.02(0.00-0.06) 


whole night 


clear 


2004/07/26 


5. Oh 


0.74 


1 


0.85 


/ 




0.04(0.03-0.05) 


whole night 


clear 


2004/07/27 


5.0h 


0.87 


1 


0.61 


/ 


0.53 


0.05(0.00-0.07) 


whole night 


clear 


2004/07/28 


5.0h 


0.46 


1 


0.38 


/ 


0.49 


0.02(0.00-0.05) 


whole night 


clear 


2004/07/29 


5.0h 


0.66 


1 


0.38 


/ 


0.52 


0.10(0.00-0.20) 


whole night 


cirrus, clear 


2004/09/06 


7. Oh 


0.41 


1 


1.11 


/ 




0.06(0.04-0.08) 


whole night 


cirrus, clear 


2004/09/23 


6.0h 


1.18 


1 


0.87 


/ 


0.44 


0.06(0.04-0.08) 


whole night 


clear 


2004/09/24 


8.0h 


0.58 


1 


0.71 


/ 


0.96 


0.06(0.00-0.10) 


whole night 


clear 


2004/09/25 


7.0h 


0.57 


1 


0.59 


/ 


0.47 


0.08(0.00-0.10) 


whole night 


clear 


2004/09/26 


9.0h 


0.55 


1 


1.32 


/ 


1.52 


0.06(0.02-0.08) 


whole night 


fog, clear 


2004/09/29 


7.0h 


0.72 


1 


0.79 


/ 




0.05(0.00-0.10) 


no 


thick cirrus 


2004/10/25 


2.0h 




1 




/ 








cloudy 


a Date and . 


allocated 


observing 


hours. 




Dates 


arc in Hawaiian Standard 


Time (HST). b Seeing size 


(FWHM) measured 



with the optical auto-guiding (AG) camera at evening twighlight, midnight, and dawn are separated by /. The sen- 
sitivity of the AG camera peaks in the i?-band. c Atmospheric extinction in the optical band measured at CFHT from 
http://www.cfht.hawaii.edu/Instrumcnts/Skyprobc/. A typical value and the range of the value shown in the parentheses in mag. 
Large atmospheric extinction means non-photometric condition. ^ Photometric period during the night. We examined the photometric 
condition from the time variation of the count rates of bright objects in the observed fields. 
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TABLE 4 
Observations for Each Field 



Field ID 


Date 


Band 


Integ. Time a 


Note, FWHM b 




(HST) 




Q0302-003-FOV1 


2003/10/14 


K 


90 s X 126 


0.18 (30,13) 




2004/09/25 


K 


90 s x 40 


No PSF reference. 




2004/09/26 


K 


90 s x 75 


No PSF reference. 








total 6.03 h 






2004/09/06 


J 


120 s X40 


No PSF reference. 




2004/09/26 


J 


120 s X 27 


No PSF reference. 








total 2.23 h 




Q0302-003-FOV3 


2004/09/23 


K' 


100 s x 74 


No PSF reference. 




2004/09/24 


K' 


90 s x27 


No PSF reference. 




2004/09/25 


K' 


120 s x 54 


No PSF reference. 








total 4.53 h 






2004/09/24 


J 


120 s x45 


No PSF reference. 








total 1.50 h 




Q1422+2309-FOV12 


2004/04/05 


K 


90 s x 63 


0.17(12,6), 0.23(14,13) 




2004/04/04 


K' 


120 s x42 


0.16(12,6), 0.20(14,13) 




2004/05/28 


K' 


120 s x97 


0.16(12,6), 0.18(14,13) 








total 6.21 h 


0.17(12,6), 0.19(14,13) 




2004/06/13 


J 


120 s X 36 


0.47(12,6), 0.50(14,13) 




2004/06/14 


J 


120 s x45 


0.41(12,6), 0.48(14,13) 




2004/07/03 


J 


60 s x 9 


For photometric calibration. 








total 2.70 h 


0.44(12,6),0.49(14,13) 


Q1422+2309-FOV4 


2004/07/02 


K' 


100 s x45 


0.19(14, 14), 0.25(19, 10) 




2004/07/04 


K' 


100 s x 89 


0.21(14,14),0.22(19,10) 








total 3.72 h 


0.21(14,14), 0.22(19,10) 




2004/07/02 


J 


120 s X 18 






2004/07/03 


J 


60 s x 9 


For photometric calibration. 




2004/07/04 


J 


100 s x 36 


0.42(19,10) 








total 1.60 h 




Q1422+2309-FOV5 


2004/04/05 


K' 


90 s x 44 


No PSF reference. 




2004/06/14 


K' 


120 s x 80 


No PSF reference. 




2004/07/05 


K' 


100 s x 89 


No PSF reference. 








total 6.24 h 






2004/06/13 


J 


120 s X 36 


No PSF reference. 




2004/07/03 


J 


60 s x 9 


For photometric calibration. 








total 1.20 h 




Q1422+2309-FOV7 


2004/04/04 


K 


120 s x 79 


0.20(1,20) 




2004/07/03 


K 


90 s x 98 


0.19(1,20) 








total 5.08 h 


0.20(1,20) 




2004/07/03 


J 


60 s x 9 


For photometric calibration. 




2004/07/05 


J 


100 s x 27 










total 0.75 h 




Q2233+1341-FOV1 


2004/07/04 


K' 


60 s x 170 


0.18(4,7), 0.20(11, 18),0.21(6,35) 




2004/09/06 


K' 


100 s x 89 


0. 18(4, 7),0. 27(11, 18), 0.28(6, 35) 




2004/09/23 


K' 


100 s x 70 


0.23(4,7), 0.25(11, 18),0.26(6,35) 




2004/09/24 


K' 


90 s x 25 


0.23(5, 26), 0.22(6, 35) 








total 7.87 h 


0.19(4, 7), 0.22(5, 26), 0.23(5, 26) 




2004/09/24 


J 


120 s X 54 


0.39(4, 7), 0.38(5, 26), 0.35(6, 35) 








total 1.80 h 




DSF2237b-FOVl 


2003/10/14 


K 


90 s X 149 


0.20(33,4) 




2004/07/26 


K 


90 s x 79 


0.22(33,4) 








total 5.71 h 


0.22(33,4) 




2004/09/29 


J 


120 s X81 


0.45(33,4) 








total 2.70 h 




DSF2237b-FOV2 


2004/07/03 


K 


60 s x 162 


0.28(11,9) 




2004/07/27 


K 


90 s x 80 


0.17(11,9) 








total 2.00 h 


0.25(11,9) 




2004/06/13 


7 

J 


120 X72 


— A M/i H — A\ A Af\l A A A f / ^ A F\A\ 

0.40(11,9), 0.40(4, 19), 0.45(34, 24) 








total 2.40 h 




Dbl 2237b-l (JV3 


2004/ 1)5/ 2o 


K 


ions w 1 1" -1 

12U x lb 


0.14(4,o),U.17(zo,o),U.iy(ol,20) 




onri/i lev? /oc 
2U04/U/ /2b 




1 OflS \/ A A 

12U X44 


r\ iq//i o\ n 1 o/oc c; \ n on/Qi or\\ 
0.1o(4,o),U.lo(2o,o),U.2U(ol,20) 






K' 


1 90 s vfil 


1^(4 8^ fl 91^9^ ^ fl 9^31 90^ 




2004/09/25 


K' 


90 s x 61 


0.13(4,8),0.19(25,5),0.24(31,20) 








total 5.56 h 


0.13(4,8),0.19(25,5),0.23(31,20) 




2004/06/14 


J 


120 s x 63 


0.30(4,8),0.37(25,5),0.46(31,20) 








total 2.10 h 




DSF2237a-FOV4 


2004/07/02 


K' 


90 s x 75 


0.17(27,7) 








total 1.88'' 




DSF2237a-FOV5 


2004/07/28 


K> 


180 s x 81 


0.15(0,0) 








total 4.05 h 




4C28.58 


2004/07/30 


K 


90 s x 45 


0.14(10,8), 0.17(28,5) 








total 1.13 h 





a Integration time for each frame in second and numbers of the frames for each field. Total integration 
time in hours for each field is shown in the total line. FWHM of stellar objects in arcsec with 
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TABLE 5 

Optical V-band Imaging Observation with FOCAS 



Field ID 


Date 
(HST) 


Integ. Time a 
(s) 


FWHM b 

(") 


Q0302-003-FOV1 


2004/10/16 


600 s x 3 
total 0.5 h 


0.77 


00302—003-1 OV3 


2004/11/10 
2004/11/11 


600 X 2 
600 s X 3 
total 0.8 


0.70 


Q2233+1341-FOV1 


2004/10/15 


600 s x 7 
total 1.2 h 


0.69 


DSF2237b-FOVl 


2004/10/15 
2004/10/16 


600 s x 3 
600 s x 3 
total 1.0 h 


0.57 


DSF2237b-FOV2,FOV3 


2004/10/15 
2004/10/16 


600 s x 4 
600 s x 1 
total 0.9 h 


0.57 


DSF2237a-FOV4,FOV5 


2004/09/20 


300 s x 6 
total 0.5 h 


0.62 





a Integration time for each frame in second and numbers of the frames 
for each field. Total integration time in hours for each field is shown 
in the total line. b FWHM of stellar objects in arcscc measured in the 
final images. 
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TABLE 6 

Results for z ~ 3 LBGs Observations 



Name 


Distance 3 


FWHM b 


K c 


J-K d 


^HL 


C80/20 


n 


logR e c 


My 1 


logM.s 




(",") 


(") 


(mag) 


(mag) 


(") 




(kpc) 


(mag) 


(Mq) 


KclVoVZ — UUo-lVliJo ( O-A- 

Q0302-003-MD373B 
Q0302-003-MD373C 


[—18, — b) 
(-18, -6) 
(-18, -6) 


U. 14 

0.14 
0.14 


93 1 9 
Zo. LZ 

23.63 


l.Uo it U.Uo 

> 2.34 


n 9n 
u.zu 

0.14 


n /in 
U.4U 

0.46 






9fl A Q 

-19.92 


O 1 

y . 1 

9.8 


Q0302-003-D113 


(9, -31) 


0.18 


22.12 


1.50 ±0.07 


0.18 


0.47 


1.0FIX 


n 14+O.O6 
u — 0.07 


-21.51 


9.9 


Q0302-003-MD346 


(-27,-1) 


0.16 


22.88 


0.43 ± 0.04 


0.14 


0.45 




-20.80 


8.9 


Q0302-003-M80A 


(14,-2) 


0.20 m 


21.96 


1.54 ±0.09 


0.41 h 


0.53 h 


1.0FIX 


0-48_ 009 


-21.95 


10.1 


Q0302-003-M80B 


(14,-2) 


0.20 m 


22.96 


1.43 ±0.12 


0.22 h 


0.47 h 




-20.95 


9.6 


00*309 DO^ A/TF191RA 
Vc^UOUZ — UUO-JVl JJZlD/i 


(l, 6b) 


pi oqm 
U.Zo 


99 1 9 
ZZ. 1Z 


1 1 c: _|_ n 


n 9^ 


o A7 

U.4 ( 




n o4 4-0.06 
0-z4_ og 


91 1 ^ 


Q ^ 

y .0 


00^09 003 A/rn9ifiR 


(1, 6b) 


fl 93 m 

U. ZD 


22 64 


> 2 22 


n 9fi 


U.04: 




90 fi3 


100 

-LU.U 


Q0302-003-M86 


(7,21) 


0.19 m 


23.59 


1.29 ±0.16 


0.17 


0.49 






-20.09 


9.2 


00309 — 003 T173A 


(3, LI ) 


0.18 m 


21.38 


o 4« _|_ n ii 


0.32 


0.60 


3 0+ 11 


58+ ' 12 


—22.30 


10.8 


00^02 — DO 


C3 1 7") 


0.18 m 


21.40 


i ^fi 4- n 04 


0.30 


0.51 


5+ 01 
u -°-o.i 


48+ - 03 
u -*°-0.03 


—22.30 


10.1 


Q0302— 003-MD204 


Cl 13) 


0.17 m 


22.21 


1.14 ± 0.06 


0.27 


0.55 


1.0FIX 


o ii+2 ?S 

0.10 


—21.47 


9.6 


nmno nm 09 

Vc^UoUZ — UUo-lvlJJ lyz 


(,9, -12J 


n 1 7 m 
u.i / 


99 77 
ZZ. ( / 


i ii ±n no 
i.ii it u.uy 


n 9*5 

U.ZO 


n 

U.oo 




9n 01 
— zu.y 1 


Q A 

y.4 


Q1422+2309-C36 


( — 17, 21) 


0.21 


21.22 


2.75 ± 0.13 


0.21 


0.49 


0-6I .5 


°- 17 -0.03 


—22.60 


11.1 


01 /L994-930Q MDfil 
Q1422+2309-C26 


(-16, -1) 
(A — 

(1, ZOj 

(8, -30) 


0.17 
0.21 
0.21 


22.61 
22.63 


> 1.41 
1.25 ± 0.12 


0.20 
0.25 


0.52 
0.47 


—20.95 
-21.10 


9.6 
9.5 


Q1422+2309-MD59 


(-7, -31) 


0.22 


21.94 


> 1.83 


0.31 


0.43 


1.0FIX 


0.53+00| 
— U.Uo 


-21.74 


10.2 


Q1422+2309-MD60 
Q1422+2309-D25 


(-10, -28) 
(-18, -18) 


0.21 
0.20 
















Q1422+2309-C35 


(16, -25) 


0.24 


21.81 


> 1.85 


0.26 


0.54 


1.0FIX 


0.01 


—22.10 


10.3 


^14zz+zoUy-lVlJJloo 


(-9, -16J 


U. lo 


on a i 
zU.41 


1 (17 J- n nQ 
l.y ( ± U.Uo 


n Q9 
U.oz 


n c;9 
U.oz 


i n+ ,) - i 
J- u -0.l 


U - d °-0.08 


9Q 1 1 

— Zv5.ll 


1 n q 
lU.o 




(1*7 n \ 
(17, -9) 


u. iy 


99 Q/1 

zz. o4 


\ n 7c: 
> U. ( 


(1 (Q 

U.lo 


n a n 
U.4y 






90 QQ 


1 

y. 1 


Q1422+2309-MD90 


(—28, 21) 


0.24 


23.11 


> 0.68 


0.20 


0.41 






—20.41 


8.9 


Q1422+2309-C57 


(—24, 10) 


0.21 


22.26 


> 1.16 


0.33 


0.47 


1.0FIX 


U,OJ -0.06 


—21.42 


9.6 


Q1422+2309-MD88 


(-28, 16) 


0.23 


23.16 


> 0.37 


0.16 


0.40 




-20.52 


8.8 


Q2233+1341-MD46A 


(3,21) 


0.20 


22.84 


1.28 ±0.12 


0.17 h 


0.60 h 




eloign 


-20.66 


9.9 


Q2233+1341-MD46B 


(3,21) 


0.20 


22.03 


> 2.15 


0.21 h 


0.51 h 


1.0FIX 


-21.47 


9.7 


DSF2237b-MD81 


(14, -25) 


0.17 


20.21 


2.19 ±0.04 


0.40 


0.48 




0-58l U ; U ^ 


-23.36 


11.0 


DSF2237b-D28 


(-6,-24) 


0.21 


22.53 


1.11 ±0.09 


0.21 


0.55 


-21.11 


9.5 


DSF2237b-MD90A 


(-14,5) 


0.22 


22.74 


0.56 ±0.07 


0.22 


0.54 






-20.94 


9.0 


DSF2237b-MD90B 


(-14,5) 


0.22 


















DSF2237b-D27 


(-13, -27) 


0.19 


21.92 


1.21 ±0.06 


0.30 


0.47 


1.0FIX 


n ocr+0.06 
U.OO_Q.06 


-21.76 


9.8 


DSF2237b-MD80 


(22, -27) 


0.18 


23.70 


1.86 ±0.22 


0.15 


0.39 




-19.98 


9.5 


DSF2237b-MD22 


(14, 17) 


0.20 


22.01 


1.40 ±0.05 


0.28 


0.46 


1.0FIX 


n 74+0 04 


-22.01 


10.0 


DSF2237b-MD19 


(-14,-12) 


0.19 


20.36 


2.58 ±0.04 


0.39 


0.49 




69+ - 07 


-23.07 


11.2 


DSF2237b-C10 


(32, -11) 


0.23 


21.91 


2.23 ±0.06 


0.21 


0.39 


1.0FIX 


n 97 4-0.06 
u - z '-0.09 


-22.06 


10.5 


DSF2237b-D5 


(17, 7) 


0.16 


20.35 


2.02 ±0.03 


0.47 


0.50 


1 l 4 ' 1 ' 1 
1 - 1 -o.i 


n 7O+U.04 
u - '^-O.OS 


-23.08 


10.8 


DSF2237b-MD13A 


(-9, -24) 


0.17 


23.14 


1.35 ±0.11 


0.20 h 


0.45 h 


-20.54 


9.4 


DSF2237b-MD13B 


(-9, -24) 


0.17 


23.01 


1.21 ±0.10 


0.16 h 


0.58 h 






-20.67 


9.3 


DSF2237b-MD14 


(14, -7) 


0.16 


















DSF2237a-Cll 


(-13,-17) 


0.18 


















DSF2237a-C15 


(6, -14) 


0.20 m 


22.29 




0.28 


0.44 


1.0FIX 


65+ U ' Ub 


-21.49 


8.9 



a RA and DEC distances from the guide star in arcsec.' 3 Esimatcd Moffat FWHM of the PSF at the position of the target. See detailes in 
the text, "m" indates the FWHM value estimated from the mean relation shown in Figure 3. c AUTO magnitudes from SExtractor. d l."0 
diameter aperture J — K colors.* 3 The correction of +0.13 (+0.25) dex is applied to the best fit R e of an n < 2 (n > 2) galaxy, see details 
in Section 5.4. f V-b and absolute magnitude. For objects without spectroscopic redshifts, z — 3 is assumed. s Stellar mass of the galaxies. 
Kroupa IMF is assumed. The uncertainties arc estimated to be 0.25 and 0.35 dex for objects with and without spectroscopic redshifts, 
respectively. Sec details in Section 5.6. h The value measured with masking the neighboring object. 



TABLE 7 

Results for DRGs and a radio galaxy in our sample 



Name 


RA 


DEC 


Distance a 


FWHM b 




J — K 


r HL C*80/20 


n 


logi? e C 


My 


logM„ d 




(2000) 


(2000) 


(",") 


(") 


(mag) 


(mag) 


(") 




(kpc) 


(mag) 





Q0302-003-1-AO023 


03:04:30.50 


-00:07:58.6 


(11,-18) 


0.15 


21.54 


> 3.14 


0.22 


0.46 


1.0FIX 


n qa+0.07 


-22.14 


11.1 


Q0302-003-1-AO062 


03:04:28.30 


-00:07:34.1 


(-20,5) 


0.15 


21.55 


2.86 + 0.20 


0.32 


0.66 


1.0FIX 


16+ - 07 
U.JD_ 23 


-22.13 


11.0 


Q0302-003-1-AO071 


03:04:28.26 


-00:07:36.7 


(-21,3) 


0.15 


21.57 


> 4.97 


0.42 


0.58 


1.0FIX 


0.78+H 8 5 


-22.11 


11.0 


Q1422+2309-5-AO022 


14:24:29.24 


+22:56:08.6 


(-7, -32) 


0.22 


21.25 


2.39 + 0.09 


0.27 


0.44 


5+ - 3 
u '°-0.1 


u - JD -0.07 


-22.43 


10.8 


DSF2237b-2-AO015 


22:39:23.38 


+11:48:51.7 


(18,11) 


0.20 


20.95 


3.20 + 0.07 


0.19 


0.54 


i O+0.9 


-0 02+ - 07 


-22.73 


11.3 


DSF2237b-3-AO015 


22:39:24.40 


+11:48:03.3 


(8, 13) 


0.15 


20.85 


3.19 + 0.11 


0.32 


0.47 


o.4i°,i 


U - 4S -0.03 


-22.83 


11.3 


DSF2237b-3-AO022 


22:39:21.90 


+11:47:47.1 


(-27,-2) 


0.18 


19.98 


3.35 + 0.08 


0.48 


0.59 


i-9±8:I 


o.92t° ; ol 


-23.70 


11.7 


4C28.58A 


23:51:50.20 


+29:10:29.0 


(-35,-0) 


0.22 m 


19.63 




0.48 


0.52 




0.83^ 


-24.00 




4C28.58B 


23:51:50.20 


+29:10:29.0 


(-35, -0) 


0.22 m 


20.37 




0.38 


0.57 


-23.26 





a RA and DEC distances from the guide star in arcsec. Esimatcd Moffat FWHM of the PSF at the position of the target. See detailes in the text, "m" indates the 
FWHM value estimated from the mean relation shown in Figure 3. c The correction of 0.13 dex is applied to the best fit R e , see details in Section 5.4.^ Stellar mass of 
the galaxies. Kroupa IMF is assumed. The uncertainties are estimated to be 0.35dcx. 
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Fig. 1. — Upper) R-band magnitude distribution of the "observed" LBGs (36 objects), "AO-observable" LBGs (141 objects at 10" < 
r < 35" from R < 15.0 mag star), and the "whole" [/-drop LBG sample (2462 objects including objects with R > 25.5 mag from Steidel 
et al. 2003) shown with thick solid, thin solid, dotted lines, respectively. The histogram of the "whole" sample is divided by 17 in order to 
match the sample size of the " AO-obscrvable" LBGs. Lower) Fraction of the "observed" LBGs among the "AO-observable" LBGs shown 
as a function of R— band magnitude. 




Fig. 2. — Radial profile of a stellar object in the Q1422+2309 FOV12 image shown with open square. Solid line represents the radial 
profile of the best-fit Moffat model. 
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Fig. 3. — Measured shape parameters of the PSF reference stars in the final images as a function of distance from the guide star. Top) 
FWHM vs. distance, middle) Moffat (3 parameter vs. distance, and bottom) ellipticity vs. distance. The PSF reference stars in the FoV 
with AO-guide star brighter (fainter) than 13 mag are plotted with open circles (filled square). The solid lines indicate the relation between 
the FWHM and the distance from Figure 18 of Minowa et al. (2005). The relations are obtained from M13 observations with R = 12.7 
mag guide star. The dotted line shows the mean relation between FWHM and distance described in Section 4.2. The relation is used to 
estimate the FWHM for FoVs without PSF reference stars. The vertical dashed lines indicate the range of the distances of the LBGs. 




PA of the PSF Ellipticity 

Fig. 4. — PAs of the ellipticity of the PSF reference stars vs. PAs to the guide star. Symbols are the same as those in Figure 3. Only 
the PSF reference stars with e > 0.08 arc plotted. The dashed line shows the relation that the PA of the ellipticity is equal to the PA to 
the guide star. 
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Fig. 5. — K-band images of the z ~ 3 LBGs. A 3."5 X 3."5 FoV is shown in the order of if-band magnitude. North is to the top and 
east is to the left. FoVs are centered at the cataloged positions of the z ~ 3 LBGs. Gaussian convolution with u of 1 (3) pixel is applied 
for the images of the detected (non-detection) LBGs. Name, spectroscopic rcdshift, and A"-band magnitude are shown at the top of each 
panel. Redshift of 9.999 refers to no spectroscopic rcdshift available. For LBGs with multiple knots, each knot is labeled with "A", "B", 
and "C". 
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Continued. The last five objects are not detected in the observation, and "99.99" are used for their if -band magnitudes. 
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Fig. 7. — i<"-band magnitude vs. apparent rjjL of the z ~ 3 LBGs (open circles). Objects detected at 10" < d < 35" from the AO guide 
stars are plotted with small dots. Star marks indicate stellar objects in the field. Detection limit for extended objects with 5h integration 
is shown with a dotted line, for details see Section 5.3. The long-dashed line shows m* K of the z ~ 3 LBGs (Shapley et al. 2001). Objects 
which meet DRG criterion and two knots of 4C28.58 are marked with open squares and open triangles, respectively, see Section 6.1 for 
details. 
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Fig. 8. — /f-band magnitude vs. J — K color of the z ~ 3 LBGs (open circles, triangles for lower limits). The long dashed line 
indicates m* K of the z ~ 3 LBGs. Typical detection limit in the J-band is shown with the solid line. Small open squares show the 
color-magnitude distribution of the z ~ 3 LBGs from Shapley et al. (2001). Their observation limit is K ~ 22.5 mag. ii"-band detected 
objects 10" < d < 35" from the AO guide stars are plotted with green small dots and green small filled triangles for lower limits. Stellar 
objects are marked with green star marks. The dotted lines indicate the selection criteria of DRGs (J — K > 2.3 mag and K < 22 mag). 
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Fig. 9. — Optical images (V-, G-, or i?-band) of the z ~ 3 LBGs with if-band contours superposed. A FoV of 3."5 X 3."5 is shown. 
North is to the top and east is to the left, same as in Figure 5. The positions are roughly centered at the cataloged positions of the 2^3 
LBGs. 
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Fig. 10.— 



Continued. The last five objects are not detected in the i-C-band images. 
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Fig. 11. — Distance between i-C-band and optical peaks as a function of K magnitudes for the z ~ 3 LBGs (filled squares) and field 
objects (crosses). 
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FlG. 12. — Dependence of the best fit Sersic parameters on the model PSF used in the Sersic fit for DSF2237b-MD81. Panels in the left 
hand side show the dependence of the best fit R e (upper) and Sersic n index (lower) on the Moffat FWHM of the model PSF. Points with 
error bars at one certain Moffat FWHM show the results with changing the Moffat (3 parameter and the ellipticity of the model PSF. The 
vertical dashed and dotted lines show the estimated FWHM size at the target position and the uncertainty as explained in Section 4.2. 
Panels in the right hand side show the effect of changing the Moffat (3 parameter of the model PSF. See details Section 5.3. 
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Fig. 13.— Same as Figure 13, but for Q0302-003-D73A. 
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Fig. 14. — Distribution of the best fit Sersic n index and R e for the LBGs with K < 21.5 mag. Fitting for each object is done 
with changing the shape of the PSF. Each point with errorbars represents a fitting result with one PSF model. The ranges of the shape 
parameters of the PSFs covered in the fittings are described in Section 5.3. Dashed lines indicate n = 1 (exponential-law) and n = 4 
(r 1 /4_i aw ). 



32 



AKIYAMA ET AL. 




a 0.2 m a a n a.z 0.4 □ e n.2 0.4 oa 

SMA (') SMil C) SMJ1 D 




&1 \ - 

■ 1 . 1 1 . 1 Xi : 

0.2 o.j qb a.s 

Fig. 15. — i<"-band profiles of the LBGs with K < 21.5 mag along the semi-major axis. The red-solid, blue-dashed, and green-dotted 
lines show the best fit Sersic (with free n), r 1 / 4 (Sersic with n = 4), and exponential (Sersic with n = 1) profiles, respectively. Long dashed 
lines show the estimated profiles of the PSFs at the object positions. 
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Fig. 16. — Re vs. n for the z ~ 3 LBGs with X < 21.5 mag (filled squares). DRGs and a radio galaxy 4C28.58 are shown with open 
squares and an open triangle, respectively. Simulated 2 = 3 galaxies that are brighter than K = 21.5 mag in the 2 mag PLE model are 
plotted with blue small crosses. 
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Fig. 17. — Left) ii"-band magnitude vs. rpjL of the simulated galaxies without noise and evolution, i.e. "model" images. Measured 
A"-band magnitudes and rjjL of the "model" images are shown with crosses. The observed X-band magnitudes and tjjls of the 2^3 LBGs 
are shown with open circles. Most of the model galaxies are fainter than the observed z ~ 3 LBGs at the same size without any evolution. 
Right) Same figure for "simulated" images with noise and PLE of 2 mag. Measured ii"-band magnitudes are thl °f the "simulated" images 
are shown with filled squares. The model galaxies which are not detected in the simulation are plotted with crosses. The detection limit 
of the observation is determined with the envelop of the distribution of the detected objects as shown with thick dotted line. 
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Fig. 18. — Sersic n index derived with the original images of the z = 0.36 — 0.69 galaxies vs. that estimated with the z = 3 simulated 
images. Galaxies with logiJ e (kpc) < 1 (logi? e (kpc) > 1) in the original images are shown in the left (right) panel. The long dashed line 
indicate the relation that n in the original images equal to those in the simulated images. 




l°g (R e (kpc)) in original log (R e (kpc)) in original 

Fig. 19. — R e derived with the original images of the z = 0.36 — 0.69 galaxies vs. that estimated with the z = 3 simulated images. 
Galaxies with n < 2 (n > 2) in the original images are shown in the left (right) panel. The long dashed line indicate the relation that R e 
in the original images equal to those in the simulated images. The dotted lines indicate the systematic offset of 0.13 (0.25) dex for the 
log R e (kpc) of n < 2 (n > 2) galaxies. 
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Fig. 20. — rjjL vs. Cgo/20 °f the 2 ~ 3 LBGs (filled squares), DRGs (open squares), and 4C28.58 (open triangle). Large (small) symbols 
indicate objects brighter (fainter) than K = 21.5 mag. The simulated 2 ~ 3 galaxies are shown with small symbols. Red crosses (blue open 
circles) for galaxies with n < 2 (n > 2) in the original images. The dotted line is drawn arbitrarily to give an eye-guide for the division of 
the regions occupied by the n < 2 and n > 2 objects. 
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Fig. 21.— Left) M v vs. R e 
fitting with free n and fixed n - 



for the LBG sample (filled squares). Large and small symbols indicate R e obtained with the Sersic profile 
= 1, respectively. Dotted and dashed lines indicate the average < fiy > determined from the 4 > My LBGs 
(18.38 mag arcsec -2 ) and from all of the LBGs (18.67 mag arcsec -2 ), respectively. Open squares show the DRG sample. Small and large 
symbols are same for LBGs. For comparison, we plot LDGs at 2.5 < 2 < 3.0 from Labbe et al. (2003) with large crosses and a disk galaxy 
of old stars at z ~ 2.5 from Stockton et al. (2004) with a large asterisk. Right) Same figure overlaid with the distributions of 2 = (dashed 
blue contour) and z = 1 (solid red contour) disk-galaxies from Barden et al. (2005). The thick blue and red dashed lines show < fiy > of 
disk galaxies at z = (20.84 mag arcsec -2 ) and 2 = 1 (19.84 mag arcsec -2 ), respectively. 
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Fig. 22. — Left) M* vs. R e for the LBG sample (filled squares). Large and small symbols indicate R e obtained with the Sersic profile 
fitting with free n and fixed n = 1, respectively. Open squares show the DRG sample. Small and large symbols are same for LBGs. Right) 
Same figure overlaid with the distributions of z = (dashed blue contour) and z = 1 (solid red contour) disk-galaxies from Barden ct al. 
(2005). The solid line represents the relation: log Ejyf (Mokpc - 2 ) = 8.50 with q = 0.5 derived from the disk-galaxies at z = — 1 (Barden 
et al. 2005). 
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Fig. 23. — iC-band images of the DRGs in the AO observed field. A 3."5 X 3."5 FoV is shown in the order of the K-band magnitude. 
North is to the top and east is to the left. Gaussian convolution with a of 1 pixel is applied for the images of the DRGs. 
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Fig. 24. — Distribution of the best fit Sersic n index and R e for DRGs. Fitting for each object is done with changing the shape of the 
PSF. Each point with errorbars represents a fitting result with one PSF model. The ranges of the shape parameters of the PSFs covered 
in the fittings are same as described in Section 5.3. Dashed lines indicate n = 1 (exponential-law) and n = 4 (r 1,/4 -law). 
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Fig. 25. — iC-band profiles of the DRGs with K < 21.5 mag along the semi-major axis. The red-solid, blue-dashed, and green-dotted 
lines show the best fit models with Sersic, r 1 / 4 (Sersic with n = 4), and exponential (Sersic with n = 1) profiles, respectively. Long dashed 
lines show the estimated profiles of the PSFs at the target position. 
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Fig. 26. — Left) iC-band image of 4C28.58. A 3."5 X 3."5 FoV is shown. Gaussian convolution with a of 1 pixel is applied for the image. 
Middle) Distribution of the best fit Sersic n index and R B for 4C28.58. Dashed lines indicates n = 1 (exponential-law) and n = 4 (r 1 / 4 -law) 
for 4C28.58. Right) i^-band profile of 4C28.58 along the semi-major axis. Red-solid, blue-dashed, and green-dotted lines show the best fit 
Sersic model with free n, r 1 / 4 (Sersic with n = 4), and exponential (Sersic with n = 1) profiles, respectively. Although the central part of 
the galaxy has a concentrated core, the overall profile is also fitted well with the Sersic profile with small n index of 0.3 ± 0.2. The long 
dashed line show the estimated profiles of the PSF at the position of the target. 



